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COMPLEXES OF MERCURY(n) WITH PALLADHJM(II) 
CHLORIDE AND WITH ISOBUTYLENE 

G W. Watt and J W Vaughn* 

Department of Chemistry, University of Texas, Austin, Texas 
(Received 9 April 1962) 


Abstract— The principal insoluble solid product of the reaction between isobutylene and mcrcury(II) 
sulphate in 10 per cent sulphuric acid is mercury(l) sulphate, a yellow mercury -olefin complex that 
could not be isolated is also formed The interaction of Hg’ ' and Pd* in the presence of chloride ion 
results in a 1 1 complex which is interpreted as a bridged species involving chloride ion and water 
ligands 

1 1 has been observed*^’ that when isobutylene was added to 1 0 M HgS04 and 0 23 M 
PdClj in 10% H2SO4 at 0°, a bright yellow solid of unknown composition separated 
We have investigated this reaction as well as the interaction of HgS04 and PdCh in 
the absence of isobutylene, the results are reported below 

EXPERIMENTAL 

Matenah and methods 

All materials used were reagent grade chemicals Stock solutions of the salts at the concentrations 
indicated below were prepared by dissolving appropriate quantities of each in 100 ml of \0% H.SO, 
For absorption spectra, 5 ml aliquots of, for example, the standard PdCI» solution was placed in each 
of seven 25 ml volumetric flasks, different volumes of the stock HgCh solution were added to six of 
these flasks and these solutions were diluted to volume with 10'“o HjSOj, as was the seventh flask that 
contained only PdCh Other solutions were prepared similarly Spectra in the visible region were 
obtained using a Beckman Model DU quartz spectrophotometer with matched 1 0 cm silica cells 
Optical densities were measured at the absorption maximum of PdClg in 10"o HjSO, (416 418 m/<) 
addition of HgSOg shifted this maximum to significantly shorter wavelengths Infra-red spectra were 
studied with KBr pelleted samples and a B.iird Model 4-55 infra-red recording spectrophotometer 

Pielimmarv experiments 

Addition of isobutylene to 0 02 M PdClj in 10°^ H^SOj at 0' produced elemental Pd as the only 
insoluble product, it was identified by X-ray diffraction patterns Similarly, when the olefin was 
added to the acid solution containing PdCL and HgSOj (both 0 02 M), the insoluble products 
consisted of Pd and a bright yellow solid, the latter was shown by analysis to be Pd-tree 

The reaction between isohiilylcnc and meicunill) sulphate 

A 1 M solution of HgSO, in 10% H.SOg was cooled to O’, filtered and again cooled to 0 Iso- 
butylene was passed slowly into the solution, after about 5 min a finely divided yellow precipiute 
began to form Addition of CjHs was continued for 0 5 hr, then the reaction mixture was allowed to 
warm to room temperature and was filtered The yellow solid was washed with two 5 ml portions of 
• 95 per cent ethanol followed by three 5 ml portions of diethyl ether and dried at 70’ Mercury was 
determined by the telraiodomercurate method'*’ and isobutylene by measuring the volume of gas 
liberated upon thermal decomposition of the yellow solid initially at 130’, followed by heating to a 

* Robert A Welch Foundation Postdoctoral Fellow, 1959-61 , present address Department of 
Chemistry, Northern Illinois University, DeKalb, Illinois 

W F Gresham Private communication (I960) 

O W Watt, D M Sowards and R E McCarley, Chem 28, 556 (1956) 
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, . ,hu ,hec\oWcdilAsconsiMcdoTisobuty\encviasi.onfirmcdbygaschroina- 

tina\ temper aluve ol ^ 18 8^ C H 2 8“„ ) X-ray ditTrdetion data for this product arc 

lography (Found Hg, 75 2, .iso, ein,, j 

^ The mlra-rcd sptelrum ot the yellow solid showed bands at 6 3 (C _-C stretch) and 7 7 /i (.CH, 
sibidtion), the concspondiiig rcporied ficqueneics are 5 4-7 4 and 7 3-7 4 /i, respectively 


1 he tcuilKfn hctMufi /tftiii/i i (/i) ^ulptiutc unit ptilliidtutti (II) ihloildt^ 

As a means ot lines! igaiing the naiiirc ol possible soluble complexes, spectropholomelric data were 
obtained foi solutions containing Flg^' and Pd-' in the presence of the following negative ions Cl~ 
and SO,- SO,= only, and Cl and CIO, The resulting data are given in Table 2 


TaiIIF 1 — X-RAY UIFFRACIION OATA* 


Reaction 

product 

Hg,SOt 

d{A) 

JIh 

d(A) 

Hh 

64 

0 5 

64 

0 05 

5 9 

05 



5 3 

1 0 

5 3 

0 05 

4 6 

0 3 

44 

08 

4 1 

03 

42 

08 

3 7 

0 2 

3 6 

05 

3 5 

0 1 

3 5 

05 



33 

0 1 

1 1 

0 2 

32 

0 1 

2 9 

0 1 

3 0 

1 0 



2 7 

0 1 

2 6 

0 1 

26 

0 5 



25 

0 1 



24 

05 

2 2 

0 1 

22 

05 

20 

0 1 

2 1 

05 

♦ CuK^ 

ladiation. 

Ni filter. 

40 kV tube 


voltage, ISmAfilamentcunent.exposurctime 10- 
12 hr, relative intensities estimated visually 
t This work 


D/St USSION 

The foregoing data show that the principal insoluble solid product of the reaction 
of isobutylene w ith HgSOj PdCIo- 10"„ H^S04 solution is Hg2S04, the yellow solid 
could not be separated and purified but is assumed to be a mixture of Hg(C4H8)S04 
and Hg;,S04 The X-ray data in Table I establish the presence of Hg2S04 but do not 
preclude the presence of HgSO, and/or HgO If relative intensities are ignored, all but 
one J-spaemg (5 9 A) are attributable to Hg2S04 However, even though relative 
intensities were only estimated, the data show noteworthy discrepancies m intensities 
(particularly among the most intense lines) and this suggests an unusual frequency of 
coincidences 

If only Hg^SOj and Hg(C,H8)S04 are present m the insoluble product, a one gram 
sample would contain 3 74 10 ^ mole Hg and 4 83 10 ^ mole Hg(C4H8)S04 

When the analytical data are corrected for the presence of the latter, the resulting 
Hg7S04^~ ratio is 2 2 1 

Since olefin oxidation would be expected to yield products having high vapour 
pressure, these are assumed to have been removed during the washing and drying 
operations. Thus, retention of hydrocarbon should be restricted to bonded olefin, 
this conclusion is compatible with the data given above The infra-red spectrum shows 
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retention of the carbon-carbon double bond m the yellow complex, as was found by 
Chatt*®> for olefin complexes of platinum. 

The present results are similar to related cases studies previously Chatt*^’ has 
reported that olefins and HgSO^ react in acidic solutions to form complex solids of 
unknown composition Hofman and Sand‘®^ found that I-butene reacted with HgSO^ 
in nearly neutral solution to form a bright yellow solid of undetermined consti- 
tution They converted this product to a chloride and expressed the composition as 
QH 6 Hg 4 Cl 40 fl HP plus 7 4 per cent Hgpi^ 

With regard to the interaction of and Pd^' in solution, a plot of the data in 

TauIF 2 — SPFCTROPHOrOMrTRlC DATA 


(A) HgSO^'PdCh- 
10% H,SO,* 


(B) HgS0,-PdS04- 
10% H,SO,t 


(C) HgClO.-PdClj- 
10%HCI()4 


Mole ratio 

Optical 

Hg^'/Pd*’ 

density 

000 

0 490 

0 33 

0 420 

0 50 

0 380 

0 83 

0 308 

1 67 

0 250 

2 50 

0 255 

3 33 

0 264 

000 

0 220 

1 00 

0215 

200 

0216 

300 

0219 

400 

0218 

000 

0 490 

0 83 

0 237 

1 67 

0 153 

2 50 

0 150 

3 33 

0 156 


* Wave length, 416 nyi, stock solutions ta 0 01 M 
t Wave length, 418 m/(, stock solutions ca 0 005 M 
t Wave length, 414 m/i, stock solutions ca 001 M 

Table 2(A) as optical density vs Hg-^/Pd-' shows a sharp inflexion at a mole ratio of 
1 1 1 The same is true for the data of Table 2(C), but those of 2(B) do not show 
evidence of interaction in the presence of sulphate ion only These results show clearly 
that chloride ion is involved in the complex and that sulphate ion is no,t Hence it 
seems reasonable to assume co-ordination number four for both Hg- and Pd^ in a 
bridged complex of the type 

H,0 Cl OH, 

\ ^ \ I. 

Hg Pd 

\ - \ 

H,0 Cl OH, 

but the data presently available to not permit a choice between chloride ions or water 
molecules (or both) as the bridging ligands Attempts to isolate this complex by paper 
chromatography and ion exchange techniques were unsuccessful 

Acknowle(^'emenis— This work was supported by the Robert A Welch Foundation and the U S 
Atomic Energy Commission 
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J Chait, Cliein Rcr^ 48, 14 (1951) 

K A Hofman and J Sand, Ber Chem Diich Ces 33,1353 (1900) 
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ACRYLONITRILE AND PROPIONITRILE 
COMPLEXES OF METAL CHLORIDES IN 
THE FIRST TRANSITION SERIES 

R J. Kej^n 

Monsanto Chemical Company, St Louis 66, Missouri 
(Received 8 May 1962) 

Abstract— Acrylonitrile and propionilrile complexes of metal chlorides in the transition senes from 
titanium to zinc were isolated and characterized The (WO nitriles differ in their patterns of reaction 
with CrClj, FeClj and NiCI^ 

Recent advances in polymerization catalysis have made available new stereoregular 
forms of many terminal olefins and other vinyl monomers. However, attempts to 
polymerize acrylonitrile, a monomer of considerable economic importance, in stereo- 
specific fashion have not as yet been successful As part of an approach to developing 
a catalyst system for this task, the acrylonitrile and propionitrile complexes of metal 
chlorides in the first transition series were prepared Some aspects of their synthesis 
and chemistry are also of interest in the field of co-ordination complexes 

Information on the composition and appearance of these materials is presented in 
Table 1 . The only practical solvent for most of them is the bulk parent nitrile itself 
Other solvents, which are usually polar in nature, themselves tend to displace the 
nitrile from the co-ordination sphere As exceptions, the complexes of T1CI4, T1CI3, 
FeCl, and ZnCl2 are soluble in benzene with the last two somewhat soluble in chloro- 
form Presumably nitriles containing more carbon atoms would exhibit increased 
solubility in hydrocarbons 

Most complexes (Table 1 ) were in solution at some stage during synthesis But, as 
unique cases, those formed from MnClj were not The nitrile ligands were assimilated 
directly on the MnClg lattice without solution occurring as an intermediate step 

Acrylonitrile, but not propionitrile, requires the presence of zinc metal as a catalyst 
to form a complex with CrClj The zinc may be recovered w ithout discernible change 
(see also Reference 1 ) 

Air oxidation of the VCI3 3 AN complex in the presence of benzene ga\e rise to the 
vanadyl derivative The product is believed to be a clathrate with benzene Well- 
formed blue crystals obtained from several preparations all analysed the same, 
VOCl2(AN)2 (C6 H(,)o42 a green complex VCI3 2 AN has been reported from the re- 
action of VCI4 and acrylonitrile *** 

Exactly one-third of the iron (moles) in the crystalline complex derived from FeClg 
and acrylonitrile appears in the ferrous state This reduction is accompanied by the 
chlorination of acrylonitrile Why reduction should proceed to just this extent is not 
clear Perhaps a crystal lattice packing effect is responsible If one postulates iron 
with co-ordmation numbers of four and six, then the empirical formulas for acrylo- 
nitrile and propionitrile ferric chloride complexes are compatible with the formulations 

W Herwio and H Znss, / Oi^ Chem 23, 1404(1958) 

"“L K Case, US Pal 2930807 (1960) 
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Table 1 — Acrylovltrile (an ) and propionitrile (pn) complexes 

Physical Metal (“/) Cl(“o) 

Empirical formula Colour form Calc Found Calc Found Remarks' 
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FeCIgCAN)^ 2 FeCl 3 (AN) and FeCl3(PN)3-2FeCl3PN The former tends to crystallize 
much more readily than the latter 

Nickel chloride complexes. Anhydrous N 1 CI 2 is insoluble m and unreactive to- 
ward these nitriles However, nickel chloride complexes will form in the presence of 
metallic zinc. In contrast to its purely catalytic role for CrClj complex formation, 
zinc is here a reactant also reducing the bulk of NiCl^ to nickel metal 

Propionitnle and acetonitrile give rise to well formed blue crystals of nickel chloride 
complexes m yields under 25 per cent Under the same conditions acrylonitrile ex- 
tracts a brown colour from the NiClj/Zn mixture After extraction has proceeded for 
some time an orange-brown powder which contains nickel and chlorine in equimolar 
amounts appears m the pot. This powder, analysing as NiCI(AN )2 2 , is quite insoluble 
in acrylonitrile. In fact, the material is so insoluble that it must have formed from the 
soluble brown material extracted from the NiCl 2 -Zn mixture after passing through the 
paper extraction thimble On treatment with IM HCl this orange-brown powder 
gives rise to small amounts of polyacrylonitrile 

The striking difference between acrylonitrile and the saturated nitriles in their 
reactions with NiClg suggests participation of the vinyl group m the former. The 
infra-red spectrum of the orange-brown product reveals that the vinyl group has dis- 
appeared Further, the nitrile stretch is a doublet shifted to lower frequencies (2225 
and 2199 cnt‘) in contrast to the usual shift of this band to higher frequencies on com- 
plexmg (see Table 2) A dimeric pi-complexed allyl nickel bromide (C 3 H 5 NiBr )2 has 
been reported recently 

A blue crystalline complex of NiClj and acrylonitrile with vinyl groups intact was 
prepared by a different route Acetonitrile in the nickel chloride-acetonitrile complex 
was displaced by acrylonitrile and the complex crystallized from acrylonitrile solvent 
Infra-red spectra The propionitnle complexes revealed little change from the 
spectrum of propionitnle itself The — C— N stretching band shifts 30-50 cm~^ to 
higher frequencies in the complexes This is true of the acrylonitrile complexes also 
(see Table 2) and it has previously been observed on other nitrile complexes 
More striking is the splitting of the 970 cm^^ non-planar vinyl proton band of 
acrylonitrile This splitting was evident m all AN complexes (except the orange N 1 CI 2 
derivative discussed above) but was most pronounced for those members of the senes 
MiiCI. through CUCI 2 (see Table 2) 

Vinyl CH and CH., out-of-plane deformation vibration frequencies which appear 
at 980 and 910 cm ^ in normal olefins occur as a single, strong, broadened band at 
970 cm ^ in acrylonitrile The splitting of this 970 cm ^ band when acrylonitrile 
complexes probably indicates improved differentiation of the two vinvl C— H 
vibration frequencies 

FXPERIMENTAL 

Geneial Anhydrous materials were employed throughout Operations were conducted under 
oil-pumped prepurified Airco nitrogen Usually the powdered metal chloride (and zinc dust if re- 
quired as staled in the text) was extracted with bulk liquid nitrile in a Soxhict apparatus Caking of 
the metal halide in the thimble may be alleviated by admixture of dry sand The soluble chlorides 
(TiCli, TiCIs, VCl,, FeClj and ZnCh) may be dissolved directly in hot bulk nitrile The corresponding 

'■*’ F O FisrurRandG BuRorR, Z Natuifoivh 16 B, 77(1961) 

H J CoERVtR and C Curran, 7 Amei Chem Soi 80, 3522 (1958) 

•’’G S Rao, Z Allot" Cliein 304 , 351 (1960) 

FI W Thompson and P ToRMNi.roN.T Chem Soc 599 (1944) 
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Table 2 — Absorption frequencies in complexes 
OF acrylonitrile 


Complex of 

C^N Stretch 

Non-planar vmyl 
proton bendmg 

None 

2232 cm * 

970 cm 

-1 

VCl, 

2275 

986 

968 

CrCl, 

2280 

997 

970 

MnCli 

2267 

975 

962 

FeClj 

2263 

974 

957 

FeClj 

2265 

981 

957 

COiCl 

2265 

972 

959 

NiCla 

2290 

978 

963 

NiCl 

2225, 2199 



CuClj 

2290 

978 

960 

ZnClj 

2248, 2280 

985 

960 


complex crystallizes out on standing Manganese dichlonde must be covered directly with the nitrile 
because its insolubility precludes extraction 

NiCk-Acetonitnle and ^iCli~Propionitnle Powdered anhydrous yellow NiCl, (5 g), 5 g dry 
washed white sand and 0 5 g zinc dust were ground in a dry mortar in a nitrogen dry-box This 
mixture was extracted with refluxing nitrile A blue colour concentrated in the pot from which royal 
blue crystals developed on standing overnight These were isolated under nitrogen, rinsed with dry 
benzene and dried in a stream of dry nitrogen The nitrile complex of ZnClj also produced is much 
more soluble than the nickel chloride complex both in nitrile and in benzene 

Orange-hrown nickel chloride~aci ylonitrile complex The procedure above for NiCl,-acetonitrile 
was carried out except that acrylonitrile was substituted for acetonitrile A brownish-orange powder 
precipitated from the liquors after a few hours which was isolated, washed with benzene and dried 
This air-stable material was insoluble in water, ethanol, benzene and dimethylformamide 

The product was boiled about 10 min in IM aqueous HCl whereon it became flocculant and a 
brighter orange in colour while the aqueous liquors became green The filtered orange solids gave 
rise to a viscous solution in dimethylformamide After centrifuging, the viscous supernatant liquors 
were poured into methanol A grayish flocculant solid precipitated which behaved like known 
polyacrylonitrile on compression molding 

l^iC\t-Ati ylonitrile Crystals of NiCla-acetonitrile complex (2 g) prepared as above were placed 
in a baked nitrogen-purged 50 ml flask Twenty millilitres of freshly distilled acrylonitrile was added 
The solvent liquors were carefully evaporated from the resulting solution under mechanical pump 
vacuum through a nitrogen manifold Fresh AN (20 ml) was again added and the process repeated 
for a total of four times The final solution was allowed to stand two days A pale yellow powder 
precipitated which was filtered under dry nitrogen, rmsed with benzene and dried Its infra-red 
spectrum clearly revealed complexcd acrylonitrile with a split 970 cm ’ vinyl proton band (see Tables 
1 and 2) 

After three more days, blue crystals developed from the above filtrate They were isolated by 
decantation, rinsed with dry benzene and dried in a nitrogen stream The infra-red spectrum was very 
similar to that of the yellow powder above revealing a strong split 970 cm~* vinyl proton band 

FeCXi-Acryloniti lie Black anhydrous FeCl, (20 g) was extracted from a Soxhlet thimble with an 
80 ml charge of acrylonitrile Large greenish-yellow crystals developed from the extraction liquors 
They were soluble in water and in chloroform Iron content was determined by dissolving the crystals 
in water, boiling off the liberated AN, reducing with SnCl, and titrating with KjCr,©, Ferrous 
iron was determined in a similar manner except liberated AN was distilled off under nitrogen and no 
SnCU treatment was employed 

Oxidation of VCIjfANfa Eight grammes of VCI,(AN), were dissolved in 1(X) ml acrylonitrile, 
then 50 ml of wet benzene was added Air was slowly bubbled through this solution for 24 hr at 
about 25° Hexane was added until a slight turbidity developed which just disappeared on swirling 
The solution was then filtered and set aside at 0° whereon blue crystals developed Sometimes 
crystal formation is difficult to obtain at this pomt Use of seeds helps Or a gentle application of 
r^uced pressure, without agitation, often gives rise to crystal formation at the vessel-wall solution- 
surface juncture as evaporation occurs Alternatively, the oxidized acrylonitrile-benzene solution 

*” H H Willard and N H Furman, Elementary Quantitative Analysis, p 248 Van Nostrand, 
New York (1942) 
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may be filtered and the hexane carefully introduced to form a supernatant layer. Crystallization is 
often prone to occur at the interface Yield, 02-1 g of blue crystals strongly resemblmg hydrated 
copper sulphate On drying m vacuo, a deeper shade of blue develops 

A weighed quantity of these dried crystals were placed in a volume calibrated 5 mm tube sealed 
at one end The bare minimum of water necessary to dissolve the crystals was added by hypodermic 
syringe and needle, whereon, an organic liquid separated from the vanadyl blue aqueous phase The 
volume of the organic phase was accurately measured Gas chromatography revealed this organic 
phase to be a mixture of benzene and aciylonitnle present in a mole ratio 0 42 1 The observed 
volume of this phase checked closely that calculated if one mole unit of AN and 0 42 mole units of 
benzene were released per mole of crystals based on the empirical formula VOClt(AN), ,1 

By analogy with VOCIj(THF)j,'®' it was postulated two molecules of AN per V atom probably ex- 
isted in the complex and that the benzene was trapped, possibly in a clathrate structure V and Cl 
analyses corroborated the proposed formula (see Table 1) Analyses were duplicated on two 
independent syntheses 

ZnCU-Acrylomtnle About 20 g of ground ZnCI, were covered with 100 ml acrylonitrile Heat 
evolved as a clear colourless solution formed Colourless crystals of the AN complex develop pre- 
ferably in one direction forming long slivers and rods These crystals are soft and hygroscopic 
melting at 38-40° When heated to 50-60°/2 mm, the isolated nitrogen-dricd crystals melt, then 
bubble markedly as AN is released After such bubbling ceases, a turbid viscous mass remams This 
material is soluble in water except for about 1 wt % of insoluble polyacrylonitrile The latter may be 
compression molded to a film and forms a viscous solution in dimethylformamide 

Infra-red spectra Infra-red spectra were obtained from mineral oil mulls on sodium chloride 
plates using a Beckman IR-IV spectrophotometer 

R J Kern, y NucI Inorg Chem 24, 1105 (1962) 
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OXYGEN-CARRYING CO(II)-HISTIDlNE 
COMPLEX 


Y Sano and H Tanade 

Research Laboratories, Takeda Chemical Industries, Ltd , Osaka, Japan 

(Received 30 Manh 1962, in revised form 1 1 June 1962) 

Abstract — The oxygen-carrying Co(n) histidine complex has been isolated, and it has been concluded 
mainly from the inira-red spectra that the complex has no oxygen atoms of oxonium type but a per- 
oxide bridge between two six-co-ordinated cobalt ions Some properties of the complex are described 


Burk et al found in 1946 that the histidine complex of Co(ll) combines reversively 
with molecular oxygen in aqueous solution Since then the physicochemical properties 
of the oxygen-carrying complex in aqueous solution have been fully investigated by 
some workers,*-’ especially by Hlaron, and the following facts have been ascertained 

1 Two molecules of bis-histidmato cobalt(ll) (A) fpink) combine with one 
molecule of oxygen, but (A) does not combine with carbon monoxide 

2. The oxygen-carrying complex (B) (brown) changes slowly to the red cobalt(III) 
complex (C) 

3 The only absorption maxima of (A). (B) and (C) m the visible are at 486 mj* 
(f - 18 4), 385 m// (e ~ 1,620) and 490 m/< (t 125) respectively 

4 (A) has three unpaired electrons, but (B) has none. 

5 (A) shows anomalous rotatory dispersion, but the optical rotation of (B) cannot 
be measured owing to its strong absorption intensity 
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LiCi 1 -Two structures for (B) proposed by Hfaron (g may be water or carboxyl ) 

Crystallization of the complex, howexer has not been successful, though attempts 
seem to have been made *■'’ Also, no other Co(n) complexes that combine reversibly 
with molecular oxygen in aqueous solution have been isolated in crystal form It was 
reported that the oxygen-carrying Co(II) -glycylglyciiie complex had been isolated,*^’ 
but later it proved to be a Co(lll)-glycylglycine complex having one OH group 
For the structure of (B) Hfaron*-^’ suggested two formulas (1, II) (Fig I), and he 

D Burk, J Z Hlaron, L Carolinf and A L Shadf, J Biol Chem 165, 723 (1946) 

L Michaus, Arch Biocheni 14, 17 (1947), D Burk, J Z Hfaron, H Livs and A L Schade, 
Federation Proc 6,242 (1947) J Z HvARon. Federation Proc 6,259,260(1947), J Z Hearon 
J Natl Cancer Inst 9, 1 (1948), J Z Hfaron, D Burk and A L Schade /6i<f 9, 337 (1949) 
"" J Z Hearon, J Natl Cancer Inst 9, 7 (1948) 

J B Giibert, M C Otfy and V E Pricf, Z Biol Client 190, 377 (1951), C Tanford, D C 
Kirk, Jr and M K Chantooni, Jr , Z Amer Chem Soc 76, 5325 (1954) 

V Caglioti, P SiLVF,s FROM and C Furlani, Z hiorg Nucl Chem 13, 95 (1960) 
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favoured I since (A) docs not combine with carbon monoxide Martell and Calvin, 
however, preferred a structure analogous to H in their book 

We have found that blown needle crystals can be obtained by adding alcohol or 
acetone to a solution of (At filled with oxygen gas and cooling the mixture. The 
brown needles were confirmed to be crystals of the oxygen-carrying complex (B) from 
the facts that under this condition (A), if any, remains in solution, and that an aqueous 
solution of the crystals shows an absorption maximum at .'’»85 m//, which disappears 


Cl i" 'O m ( »nn f " "j 



1 > t ^ 0 9 'j II 12 13 14 ib 

Wovelength, ^ 

Fs. 2 -Intra-red spectra (Nujol and hcxachlorobutadiene mull method ) 

(A) His-histidinato cobalt(II) (B) The oxygen-carrying complex 

when nitrogen gas is filled in the solution But values of the elementary analysis of the 
crystals did not agree with the calculated values Investigation of the cause of the 
disagreement revealed that Co(II) in (A) is o\idi7ed fast when the pH value of the 
solution IS high and therefore, Co{in) complex contaminated the crystals Accord- 
ingly, almost pure crystals were obtained from the solution of about pH 7, and the 
value of its elementary analysis agreed with the formula [Co(C 5 HHNjO;>)i .].,02 3 H 2 O 
The molecular structure of (B), especially the eonfiguration of the oxygen molecule, 
was deduced from the infra-red spectra When the infra-red spectra of (A) and (B) 
(Fig 2) are compared, the difference in the region between 1500 cm ^ and 1700 cm ^ 
attracts attention particularly The band at 1582 cm ^ in (A) is attributed to the anti- 
symmetric COO stretching vibration, suggesting essentially electrostatic COO -Co 
bonds The band seems to overlap the scissoring vibration of the ammo group In 
the spectra of bis-histidmato zinc the latter (1621 cm*^) is distinct from the former 
(1605 cm~^) On the other hand, the spectrum of (B) has three peaks (1656, 1618, 
1571 cm' *) in this region The band at 1656 cm ^ is assigned, judging from the wave 
number, to the antisymmetric stretching vibration of the carboxyl group bonded 

A E Martell and M C My w,Chemtsiry of the Metal Chelate Compoundi,n 356 Prentice-Hall, 
New York (1952) 
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covalently to Co(II). Some examples like this have been reported by Busch et al 
m the spectra of carboxyl groups of EDTA complexes and hydroxyethylethylene- 
diaminetriacetic acid complexes The latter two bands (1618, 1571 cm"^) may be 
assigned to the antisymmetric stretching vibration of the carboxyl ion and the scissor- 
ing vibration of the amino group respectively In (B) the band of the symmetric COO 
stretching vibration splits slightly into two branches As mentioned above, it seems 
evident that two kinds of carboxyl groups exist in (B), and this fact was further ascer- 
tained from the spectra in heavy water (Fig 3) In the spectra the scissoring vibration 



Fig 3 —Infra-red spectra in heavy water 


(A) Bis-histidmato cobalt(Il) (B) The oxygen-carrying complex 


of ammo group shifts to longer wavelength as a result of deuteration and does not 
overlap the antisymmetric COO stretching vibration, and there is no possibility that 
any bands based on the same origin may differ only owing to difference in crystal form 
The spectrum of (A) has a band attributed to the antisymmetric COO stretching 
vibration On the other hand, there are two bands assigned to the antisymmetric 
COO stretching vibration in (B) The presence of two kinds of carboxyl groups 
indicates that an oxygen molecule m (B) combines with cobalt ions in a peroxide 
bridge type 

To the complex (A) Hlaron assigned a tetrahedral structure from the magnetic 
moment, but Libi rman and Rabin*"’ deduced from potentiomctnc data that histidine 
IS co-ordinated as a tndentate ligand in complexes with cobalt(ll), nickel(Il) and 
zinc(Il) Recently Earnshaw and Larrworihy,*®’ repeating the magnetic measure- 
ment, obtained a value, 5 16 B M in solution at 297 2 K, which is consistent with an 
octahedral structure Since the visible absorption spectrum also supports an octa- 
hedral structure as they discussed, it is most probable that the complex (A) takes an 
octahedral one But the figure in their paper is incorrect, because the ligands in 
the figure consist of L-histidinc and D-histidine After all, there are three probable 

D H Busch and J C. Bailar, Jr J Amer Chem Soc 75,4574(1953), M L Morris and D H 

Busch, Ihid 78, 5178 (1956) 

R Leberman and B R Rabin, Trans Faraday Soc 55, 1 660 ( 1 959) 

*" A Earnshaw and L F Larkworthy, Nature Land 192, 1068 (1961) 
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structures for (A) according to the relative spatial arrangements of ligands in the 
molecule, one of which is shown in Fig 4 For the structure of (B) the formula in 
Fig 5 IS derived from the structure of (A) Naturally, two alternative structures of 
(B) may be derived from other structures of (A) 

X-ray diffraction patterns of (A) and (B) arc shown in Fig 6 As shown in the 
figure, the pattern of (B) )ust after being collected on a funnel differs from that after 
drying 



Fkj 4 — A probable slru^turc oi (A) 


Flo “i A probable slructure of (B) 



d, A 

Fif. 6 X-ray diffraction patterns (Powder method ) 

(A) Bis-histidinato cobalt (II) (B) The oxygen-carrying complex just after collecting on 
a funnel (B') The oxygen-carrying complex after drying 
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(B) IS considerably hygroscopic at room temperature When measured with a heat 
balance, it begins to lose in weight from bS^C, and the loss in weight is over the loss by 
crystal water when heated up to 120°C By qualitative investigation oxygen gas was 
not detected at all, but ammonia gas was detected above 95°C and carbon dioxide 
above 100°C. Since (A) and bis-histidinato zinc do not decompose at such low 
temperature, this phenomenon seems to be caused by the bound oxygen molecule 

EXPERIMENTAL 

Bis-hiitidinalo cobalt (II) (A) To a solution containing cobalt (II) suphate 7-hydrate (I 41 g, 
5 mmole) and L-histidine (I 55 g, 10 mmole), in which nitrogen gas had been filled previously, 10 ml 
ot IN NaOH and then 2 5 times its volume of ethanol were added, and the mixture was cooled After 
the sodium sulphate separated was filtered off, the filtrate was concentrated under reduced pressure in 
a nitrogen atmosphere until crystallization started The product obtained was a pale pink crystalline 
powder, 1 0 g (Found Total Co, 15 59, Co (III), 0 08, C, 37 98, H, 4 88, N, 21 78, O, 20 75 
Calcd for Co(C,H„N302),H,0 Co, 15 30, C, 37 41 , H, 4 71 , N, 21 82, O, 20 77;„) 

Oxygen-carrying bis-histidinato cobalt (II) (fl) To a solution of L-histidine I -hydrochloride 
1 -hydrate (I 05 g, 5 mmole) and cobalt (II) chloride 6-hydrate (0 6 g, 2 5 mmole) in 20 ml of water, 
9 7 ml of IN NaOH were added in a nitrogen atmosphere After oxygen gas was passed for about 
2 min and 40 ml of acetone were added, the solution was cooled The resulting needle crystals were 
collected on a funnel, washed successively with 60 per cent acetone, anhydrous acetone and ether, and 
dried over calcium chloride under reduced pressure to give brown fine needles, 0 6 g (Found Co, 
14 30, C, 35 02, H, 4 76, N, 20 07 Calcd for [CofC.H.NjOj),],©, 3H3O Co, 14 37, C, 35 13, 
H, 4 67, N, 20 49%) 

Bis-histidinato zinc The same procedure as in the synthesis of (A) was employed, using zinc 
sulphate 7-hydrate and L-histidine While crystals (Found 2n, 15 93 C, 34 88, H, 4 72, N, 
20 76 Calcd for ZnfC.H.NaO,) 2H,0 Zn, 15 96, C, 35 18, H, 4 92, N, 20 51%) 

Infra-red spectra Spectra were measured with a Perkin-Elmer Model 221 instrument, using a 
sodium chloride prism Spectra in heavy water were obtained in the following way (A) was dissolved 
in a ratio of 5 per cent in heavy water filled previously with nitrogen gas, the solution was quickly put 
in a demountable cell 0 025 mm thick, and the transmittance scale of the photometer was expanded 
2 2 times The spectrum of (B) in heavy water was obtained from a solution of (A), into which oxygen 
gas had been passed The background was corrected by the spectrum of heavy water 

X-ray diffraction patterns The X-ray diffraction patterns were obtained with an Isodeflex Model 2 
Diffraction Unit, using iron A'a radiation 
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METAL COMPLEXATION WITH PYRIMIDINE 
DERIVATIVES— II 

SPECTROPHOTOMETRIC STUDIES* 

Edmond R Tlic c rt and Norman C Li 

Department of Chemistry Duquesne University 

Abstract— Ultra-violet light absorption studies were made on a number of pyrimidine derivatives m 
water or deuterium oxide both as a function of pH and in the absence or presence of metal ions The 
pyrimidine compounds studied included uracil-5-carboxylic acid (iso-orolic acid), 2-ethylthio-iso- 
e'rolic acid, uracil-6-carboxylic acid (orotic acid), 5-nitro-orotic acid and their coi responding esters 
Iso-orotic acid svas found to be very pH sensitive in water and deuterium oxide Identical spectral 
curves were obtained m both solvent systems A lowering of the extinction coefficient at pH 6 as 
compared with pH I, could indicate an lontzation effect rather than cnolization since no appreciable 
wavelength shift was observed However, enoli/ation is predominant in the region of pH 12 A 
confirmation that pAj m iso-orotic acid refers to proton dissociation from an enolic species was ob- 
tained by determining the pA", of iso-orotic acid in water and m deuterium oxide In the presence of 
Culll) ions at pH 3, there was noted a slight shift towards the visible m the region of the uracil ab- 
sorption band ol iso-orotic acid This slight shift is attributed to complexing through the ketonic 
oxygen and carboxyl group 

Very little shift in the uracil lactam bind occurred in going from the acidic to neutral region for 
orotic acid and a slight shilt to longer wavelengths resulted when approaching the region of pH 12 
Ultra-violet absorption spectra obtained in deuterium oxide indicated that even up to pH 12 orotic 
acid was still predominantly mono or dikctonic Deuterium lostopc studies indicate at least one mono- 
kctonic lorm at pH 10 Spectral curves show that in the presence of Zn(ll) Colli) and Mn(ll), 
oiotic acid kirms weak complexes However, in the presence of Cu(ll) and Ni(ll) ions strong com- 
plexmg IS observed A deuterium isotope ellcct was noted with orotic acid and NillI) ions m deuter- 
ium oxide resulting Irorn the cleavage of the D- N, bond and verifying complcxation through the 
caiboxyl group and nitrogen m the 1 -position 

The nitro group m 5-nitro-oroiic acid appears to considerably modify the lav tarn lavtim equilibria 
m the pyrimidine nucleus, f.ivourmg cnoli/ation in the neutral and high pH regions It was found that 
5-nilro-orotic avid complexes strongly with Cu(ll) at pH 6, but is almost independent of Null) ions 
The eihvhhio group in 2-cthyllhio-iso-orolic acid appears to cause enhanced enohzalion of the 
carbonyl grvtup in the Tposilion Complexing with Cudl) ions is quite similar to iso-orotic acid m 
magnitude 


I’xiMMiDiM derivatives constitute a very impoitant class of ceimpounds because they 
.'le components ol tlie biolotrically important nucleic acids and have been shown to 
exvit a pronounced pliysiological effect Since most living systems contain metal tons 
wlucli arc essential for propei functioning, the question arises as to the effect of such 
metal tons on nucleic acids To simplifv the problem even further one might consider 
the effect of metal tons on components of nucleic acids, such as the pyrimidines Anv 
elucidation of mctal-ion effects on the pyrimidine nucleus could possibK lead to a 
better understanding of complex biological processes occurring in living svstems As 
pail of a general program on metal complcxation studies involv mg biologicallv im- 
portant compounds, our work was dirccled tovvaids an understanding as to the nature 
of metal binding m pyrimidine acids and their corresponding esters 

* Abstracted from the Ph D thesis of T R Tucci at Duquesne University and supported by 
National Science Foundation Grant NSF G-21532 

t Presently located at Gulf Research and Development Co , Petrochemical Division, P O Drawer 
2038, Pittsburgh 30, Pa 
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In an ailcnipl to elucidate the eomplexing sites of a chelating agent, the structural 
nature ol the ligand tindei the conditions o( coinplexalion must fust be determined 
In a consideration ol the uracil nucleus the situation presents a rather perplexing 
problem 1 he complexitv ol the pyrimidine system results from the effect of pH 
changes and group subslitiilion on the lactam lactim (ketonic-enolic) isomerism 
Prc\ lous woikers" ' ’ ha\e icpoited piefeired stiuctures lor the pyrimidine derivatives 
both 111 tlie solid slate and m an acjueous medium at vaiious pH values, using speclro- 
pholometiic methods This paper piesents the results of ultra-violet light absorption 
studies m a vvatei or deuterium oxide medium in the absence or presence of metal ions, 
tor the following pvi i mid me acid del natives and their corresponding esters uracil- 5 - 
caiboxvlic acid (iso-orotic acid), 2 -ethylthio-iso-oiotic acid, uraciI- 6 -carboxyhc acid 
(orotic acid) and 5 -nitro-orotic acid For the pyrimidine acids, pA.a values were 
determined bv potent lomcti ic methods The pA', value refers to proton dissociation 
from tile caiboxyl gioup and the pA_, value lefers to proton dissociation from the 
lactam oi lactim form VVYitIcn as the diketomc foim, these acids have the following 
structures 



ISOOROTIC 
pK, < 4 16 
pKj • 8 89 


2-ETHYLTHIO 
ISofiROTIC 
pK, = 6 01 
pKj ' 10 52 


COOH 



H 


COOH 



I 

H 


OROTIC 5-NITR06r0TIC 

pK, =2 07 pK, = <1 5 

pK2>945 pK2=4 94 


A previous paper'”’ reported the potentiomcti ic results on dissociation constants 
and complex formation constants of several pyrimidine derivatives The results pre- 
sented 111 this paper using ultra-violet spectrophotometry appear to support our previous 
conclusions using potentiometnc methods The observed trend in complex stability 

J Lacher D Campion and J Park, Siwnce 110, 300 (1949) 

J Marshall and J Walker, y Chem Soc 1(X)4(1951) 

L Shore and H Thompson, y Chem Soc 168 (1952) 

D Brown amd I Shori, / Chem Soc 331 (1953) 

J Loofbourow M SriMSONand M Hart, y y4mer Chem Soc 65,148 (1943) 

E BLOUTand M Fih.d, y Amcr Chem Soc 72,479(1950) 

P Levfne, L Bass and H Simms, y Bwl Chem 70,229 (1926) 

E R Tucci, F DcMioyandN C Ll, y Phyi Chem 65, 1570 (1961). 



Metal complexation with pyrimidine derivatives--!! 


!9 


of the pyrimidine derivatives in our ultra-violet light absorption studies is in agree- 
ment With the results obtained using precision potcntiometry and ton-exchange radio- 
chemical methods Complcxing sites postulated by potentiomctric methods were 
verified by ultra-violet absorption studies To further substantiate the previous results 
in a water medium, the ultra-violet spectrophotometric studies were also performed 
in a deuterium oxide medium It was believed that the structural nature of certain 
pyiimidine compounds was such as to exhibit a deuterium isotope effect and that this 
isotope effect would result in a noticeable shift in the wavelength maximum or minimum 
as a function of pH or metal ion type Results are reported which indicate the existence 
of a deuterium isotope effect at various pH values and also m the presence of certain 
metal ions 

EXPtRlMtNTAL 

Matenah The pyrimidine derivatives, gift of Sigma Chemical Co , St Louis Mo , were dried in 
vacuo at room temperature over calcium chloride Refrigerated stock solutions of these compounds, 
which were always freshly prepared, were analysed by a determination (>f their neutralization equi- 
valents using potenliometric methods All chemicals were of C P grade The deuterium oxide (99 8 
per cent) was obtained from Bio-Rad Laboratories 

AppmatM and piocccluie A Beckman Model DU quartz spectrophotometer equipped with a 
photomultiplier attachment as well as a Cary Model 14 Automatic Recording Spectrophotometer, 
were employed for spectrophotometric measurements 

!n the ultra-violet light absorption studies, standard solutions of the pyrimidine derivatives were 
diluted to 10 ‘ or 10 ^ molar conceniration bach solution was adjusted to the desired pH by use of a 
Beckman Model G pH Meter The concentration of metal solutions used in spectrophotometric 
studies of metal complexing depended on the desired metal- ligand ratio, but was generally 10 * moleyl 
The pH region was selected stich that maximum complcxing occurred when the metal ligand ratio was 
1 I or 10 1 and there was no interference due to metal hydrolysis 

RbSULTS AND DISCUSSION 

In studying the ultra-violet light absorption spectra of the pyrimidine derivatives 
tlie method of Marsiim l and Walkir'"’ was employed The pA„ values of all the 
substances being examined by ultra-violet spectral methods were first determined by 
potentiometnc titiations The ultra-violet spectra were then measured in aqueous 
solution at pH values approximately two units from the pA',, values This is to assure 
that only one species is present in solution 


(A) ho-oioiic ami spectra 

Since ultra-violet light absoiption studies considered in this paper are concerned 
with monocarboxylic acid pyrimidine derivatives, it is essential to consider the elTect of 
the carboxyl group on the parent uracil structure For iso-orotic acid, the 218 m« 
band indicated in Fig 1 agrees with the wavelength values found by other workers*'" 
who have attributed this band to the carboxyl group In the pH range 1--6 there is 
observed little change in the maxima values of272 -268 m/i, which arc attributed to the 
uracil absorption bands in the keto form However, there is a distinct shift towards 
the visible of about 23 m// for the uracil band when one goes from pH 6 to 12 There 
IS also a noticeable shift in the uracil band to longer wavelengths, in the region of pH 
12, for uracil itself This shift to longer wavelengths for both iso-orotic acid and uracil 
at pH 12 IS probably the result of further enolization The absorption band for iscv- 
orotic acid is lower at pH 6 than pH I This could possibly indicate that at pH 6 the 

"" M Stimson and M Rputer, 7 Amer Chem Soc 65, 151 (1945) 
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hie, 1- Ultra-Molel absorption spectra of iso-orotic aciti in water Curve I, pH 10, 

2, pH (.0, 3, pH 12 0 


one observes a wavelength shift The following structures illustrate how stabilization 
by hvdrogen-bondmg would favour cnol foimation for iso-orotic acid in the region of 
pA_, 

HYDPCGEN-BOND STABILIZATION OF 
LACTIM FORM IN ISOOROTIC ACID 
(pKj REGION) 


0 0 



A Study was made on the effect of ionization and cnolization of iso-orotic acid in 
deuterium oxide Solutions of iso-orotic acid were prepared using similar conditions 
as in the water medium and ultra-violet absorption spectra determined An exami- 
nation of the results indicated no shift in the wavelength maxima or minima so that 
those values are identical to the water system A confirmation that pATa m iso-orotic 
acid refers to proton dissociation from an enolic species was obtained by determining 
the p/fg of iso-orotic acid in water and in deuterium oxide Li e/ al have shown 


N C Li, P Tang and R Mathur, J Phys Chem 65, 1074 (1961) 
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that the deuterium isotope effect, as measured by -- pAT^^o, is a linear function 

of pA'jf o for acid dissociation from specific groups and have given equations for 
calculating pA'jj „ — pA'j[_() for proton dissociation from various groups For proton 
dissociation from the hydroxyl groups in certain compounds containing three polar 
groups, the following equation may be written 

pA'iijO * pA'ji^o =0 132 1 0 072 (1) 

Since pA™ for jso-orotic acid in water is 8 89, the value of pA'o — pA'/t calculated by 
equation f 1 ) is 0 77 The pATj value determined for iso-orotic acid in deuterium oxide 
was found to be 9 72, so that the observed value of pA'j^ „ -- pAj,^„ is 0 83 The 
observed isotope effect is in close agreement with the value calculated for proton 
dissociation from the hydroxyl group and therefore favours the enol structure of iso- 
orotic acid in the region of pA'^ 

Although potcntiometric titrations of iso-orotic atid containing metal ions indi- 
cated complex formation, it was desirable to see if spectrophotometnc methods would 
be more informative Iso-orotic acid solutions were prepared containing metal ions 
which were known to strongly chelate, such as Cu(l]) ions The pH of the solution 
was adjusted to result in maximum complexing of the metal, as determined by potentio- 
metne methods it was found that complexing of the Cu(II) ions resulted in only a 
slight shift tow'ards the visible in the region of the uracil band From the previous 
discussion of iso-orotic acid at pH 6 0, the predominant species of the ligand in this 
experiment is the ketonic form The carboxyl group was found to be essential for 
metal complexing iso-orotic acid, since the conesponding ester of iso-orotic acid 
resulted in no noticeable complexing Since a change was observed m the absorption, 
attributed to the ketonic structure when metal ion was added, complexing most 
probably occurs through the ketonic oxygen and the carboxyl group 

(B) Orotic acid ipectra 

The ultra-violet light absorption spectra were determined for orotic acid in a W'ater 
or deuterium oxide medium at vaiious pH values The effect of moving the carboxyl 
group from the 5-position to the 6-position results in some noticeable differences in the 
altra-violct absorption spectrum In determining the change of light absorption as a 
function of pH, spectral curves were determined at selected pH ranges to obtain the 
desired molecular species These absorption curves in a water medium arc illustrated 
in i ig 2 There is a shift in the uracil band to higher wavelengths for orotic as com- 
pared to iso-orotic acid However for orotic acid there is verv little shift in the uracil 
keto band in going from the acidic to the neutral region as with uracil itself Unlike 
iso-orotic acid and uracil, there is not a large shift to longer wavelengths as one enters 
the pH 1 2 0 region for orotic acid The uracil band at pH 12 was found to be somew hat 
weakened in orotic acid when the extinction coefficient was compaied with iso-orotic 
acid This occurrence may perhaps be attributed to an ionization effect of the carboxvl 
group in the 6-position of the pyrimidine nucleus The extinction coefficient is not 
lowered at pH 6 0 for orotic acid as it was in the case of iso-orotic acid Siimson and 
Runi r'"* found that there was a decrease m the extinction coefficient as the endpoint 
for cnolization was approached Although this would appear to offer an explanation 
for the difference in the extinction coefficients for oiotic and iso-orotic acid in the pH h 
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inoketoniL or diketoMR lorm mo , , 


1 l\c iiltrii-violct 


prcdomindiUlv in tliL moi ,,^,,1.. 

uUni-Moloi absorption spostia ^^c.e obtained in deiiletitim oxide 
absorption speetial data on oiolie aeid and iso-orolie ae'id indieatcs that in the pH 
re^tion abo\c 7 0 iso-orotie aeid cnolizes miieh mote readily than orotic acid A 
confnmation ili.ii pA_, in oroiic acid refers to proton dissociation from a ketonic 
species Ueis obtained hv dctcimining the pA_. of orotic acid in water and deuterium 
oxide and using Fcjuation ( I ) to obtain the eafeu/ated ApA^ The observed value of 
pA'i, pA|[ was found to be 0 26 as compared with the value ofO 81, calculated from 
1 quation (1) The pA^ of orotic acid canncsl refer to proton dissociation from a 
hydroxvl gioup, as was found foi iso-orcdic acid, but rather fiom a --NH— CO — 
structLiic The following sliucitircs dlustrate how stabiluation by hydrogen-bonding 
would favour keto formation for orotic acid in the region of pA7. 


HYDROGEN-BOND STABILIZATION OF 
LACTAM FORM IN OROTIC ACID 
tpKz REGION) 



Ultra-Violet light absorption studies in water were also performed on metal com- 
plexes of orotic acid Since potenliometnc methods showed orotic acid to form weak 
complexes with zinc, cobalt, manganese and cadmium but strong complexes with 
copper and nickel, it was desirable to see if this trend could be verified using spectro- 
photomctrie methods Thus, solutions of divalent zinc, cobalt, manganese, copper 
and nickel containing orotic acid and adjusted to the pH for maximum complexing, 
were subjected to ultra-violet absorption studies The absorption curves are shown in 
Figs 3 and 4 As indicated, only slight complexing was observed with the metal ions 
zinc, cobalt and manganese, which is in agreement with potentiometric results How- 
ever, with nickel and copper, which were present in equimolar ratio with the ligand, 
strong complexing was observed There was a distinct shift of 21 m/i towards the 
visible when copper ions were present and a 18 m/i shift when nickel ions were present 
These results are again m agreement with those obtained potentiometncally, since the 
formation constants of copper and nickel complexes were found to be 9 48 and 6*94, 
respectively It was shown potentiometncally that when the ester of orotic acid was 
studied as a potential metal complexing agent, little or no complexing was observed 
This indicated the important role which the carboxyl group played in the complexing 
process Again, to further verify that essentially no complexing occurred, ultra-violet 
absorption spectra for orotic acid ester and nickel ions were obtained The results 
indicated that there was little or no complexing 
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Fit. 2 —Ultraviolet absorption spectra of orotic acid in water Curve 1, pH 0 7, 

2, pH 6 0, 3, pH 12 0 



Fig 3 — Ultraviolet absorption spectra of orotic acid containing divalent metal ions in 
water Curve 1 , no metal present, pH 5 0, 2, copper (11), pH 5 0.3, nickel (11), pH 5 0 
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Ficr 4 -- Lltra-vie'let absorption spectra of orotic acid containing dnaicnt metal ions m 
water Curve 1, mangancse(ll), pH 5 0, 2, cobalt(ll), pH 5 0, 3, zincdl), pH 5 0 


proton removed Since the I) — N bond cleavage is more difTieult to bring about than 
the H N bond clcaxage, one would expect a weakening of the complex m going 
from water to deuterium oxide 


(C) 5-\ino-(>iolic acul spatia 

To determine the elTect of a nitro group on orotic acid in metal complexing, ultra- 
violet light absorption spectra were determined for 5-nitro-orotic acid in water at 
various pH values with and without metal ions The absorption curves are found m 
Fig 6 Introduction of a nitro group was found to have a pronounced elTect on the 
dissociation constants determined potentiomctncally and also appeared to cause 
considerable modification of the lactam -lactim cquilibiia in the pyrimidine nucleus 
within the high and neutral pH regions Thus, whereas the uracil band in orotic acid 
was present at 277 mu at neutral pH, this same band was found to shift to 338 m/t in 
the same pH region for S-nitro-orotic acid This shift could be partly attiibuted to 
enhanced enoli/ation In the low acid region of pH 0 5, the predominant uracil species 
IS still very likely the kctonic form At pH 12 the wavelength maximum is still 338 m//. 



2 

WAVELENGTH, mu 

Tk. 5 Dllrj-violct ubsorpiion spectra ol cirolic acid containing nickeUIl) ion in 
deuterium o\ide Curse I, no metal present pH 5 0 2, nickcl(ll), pH 5 0 



WAVELENGTH, mu 

Fig 6 — Ultra-violet absorption spectra of 5-nitro-orotie acid in water Curve! pHO*! 

2, pH 7 0, 3, pH 12 0 
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Minch indicates that cnol./aiion is csscntiallv complete esen at pH 7 0 From a 
consideration of the lesonanec contiibutions indicated in the discussion ot acid dis- 
sociation constants oT 5-nilio-oiol/c acid it foliims tlial eiiolizalion would be very 
lai'ouiabic in this compound Not on/\ iloes the probability lactor /avour en/iariced 
cni'ilization ol the 2-posi[ion caibonyl gioup, but also eleclionic contiibutions Ironi 
the nilio proup would lacihlale enoli/ation 

The wacelcnpth niasimiim as shown in Fip 7, of 5-nitro-orotic acid at pH I 5 in 
the pi esence ol coppei ion is identical w ith the maxinuim at pH 0 5, when no metal ions 



Lki 7 - Uitra-\ lolet absorption spectra ol 5-nitri)orotic acid containing divalent metal 
ions m water Curve 1 no metal present pH60, 2 nickel (II), pH 6 0, 3, copper (II), 
pH 6 0, 4, copper (M), pH 1 5 

arc present In the low acidic region, coinplexing would be not expected At pH 6 0 the 
wavelength maximum in the presence of copper ions is 29 m/< smaller than m the 
absence of metal, whereas the maximum value is almost independent of the presence 
of nickelfll) ions As yet we have not been able to explain this curious behaviour 
except to note that for potentiomctnc titrations, coppcr(II) ions also behave abnor- 
mally since they appear to remove all the replaceable protons and yet nickelfll) ions 
do not 

(D) 2-Ethvllliio-no-oroti( acid spatra 

Ultra-violet light absorption spectra were determined for 2-ethylthioiso-orotic 
acid Substitution of the cthylthio group in the 2-position appears to enhance enoli- 
zation of the carbon)! group in the 4-position Reference to Fig 8 indicates that at 
pH 8 0 and 11 0 only one absorption curve is obtained The significance of this oc- 
currence is that at pH 8 0, or perhaps at an even lower pH, enolization of the carbonyl 
group IS nearly complete To further increase the pH would have no observable effect 




Metal tomplexation with pyrimidine derivatives — II 


27 


if complete enolization exists From the absorption curves, this seems to be the case 
Again, the fact that enolization may take place at a low pH further substantiates the 
results obtained from potcntiomctnc investigations of metal complexing The for- 
mation constants of 2-ethyllhioiso-oiotic acid were found to he lower than those for 
iso-orotic acid It was mentioned previously that this was explainable if one considered 



Fi(. 8 — Ultra-violet absorption spectra of l-ethylthio-isoorotic acid in water Curve 1, 
pH 1 0, 2, pH 8 0, 1, pH II 0 4 copper (II), pH 6 s 

the ethylthio deiivalive to exist to some extent in the enohe form Hence the enohe 
loim would complex to a lesser extent with the metal ion through the carboxxlate ion 
than Ihe kctonic form Spectrophotomctric results indicate that the aboxc prediction 
can actudlly be observed and the enohe form doesexist to a greater extent in theeihxl- 
thio derivative than in iso-orotic acid The ultra-violet absorption spectrum of 2- 
ethylthioiso-orotic acid with Cu(ll) ions present was determined The metal-hgand 
solution was adjusted to pH 6 5 and ultra-violet absorption spectrum determined 
Although the absorption curve showed complexing of the same order of magnitude as 
iso-orotic acid, a more significant observation was that even at pH 6 5 the enohe form 
still appears to predominantly exist 

Acktum hdgvmcnt — The authors are very grateful to Miss V Karxlx for assistance in preparation of 
this manuscript 
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THE REACTION OF 8-QUINOLTNOL 
WITH COPPER(n) SALTS* 

J C pANNiNof and H B Jonasspn 

Department of Chemistry, Tulanc University, New Orleans, Louisiana 

{Received rd)ruar\ 1962, in reined frim 18 June 1962) 

Abstract - 8-quinolinol (CaH,iNOH) was reacted with CuSO* 5H,0, CutNOj). 3HjO, CuCIj 2HrO 
CuClj. CuBfj Cu(C,,Hi02). H 2 O and CutCIOdj 6H,.0 The reaction was carried out in both methanol 
and water at varying concentrations of the copper salts Two forms of Cu(CuH|,NOL were prepared 
Cii(C„H„N())X, w'hcre X is Cl or Br, was prepared when halide salts were used These various copper 
(11) quinolinolalcs have unusual magnetic and spectral properties 

EiGHi-qiiinolinol (CoH^NOH) produces several different compounds when it reacts 
with various copper! II) salts The nature of the reaction and the resulting products 
depend on the anion, solvent, temperature, time and concentration 

Suiio and StKiDo'^* reacted CuSO^ SH^O with CgHjNOH m water at various 
temperatures and concentrations and prepared two forms of CulCaHgNOj^ 2 H ,0 
Recently, CuClj and CuRr^ have been found to react with C4H6NOH to yield the 
compounds, Cu(C\HflNO)CI and Cu(C,HsNO)Br, having unusual magnetic prop- 
erties This reaction can be carried out m a solvent of low dielectric constant or 
at high salt concentrations in water 

In order to investigate the reaction further, CalLNOH was reacted in water and 
methanol with the following salts €0(0104)^ H_, 0 , CutNO^j 3 HjO, CuCC^HjO,)^ 
H X), CUSO4 SH-jO, CuCI, 2H2O, CuCI,, and CuBr, Since the basic nature of the 
anion seems to play an important part in the reaction, the reactions in methanol were 
canted out at varying concentrations of NaOH 

EXPERIMLNTAL 

MaUnals 

Anhydrous methanol was prepared by the method of Vot.n 

C'uC I. was prepared by heating at about 150 C CuCI. 2HjO m an HCl atmosphere CuBr, was 
picp.ued by the action of excess HBr on CuCO, and recrystalli^ation of the product CutClO,). bHsO 
w IS obtained from the Ci Frcdciick Smith Cheinical Co All other metal salts were J P Baker s 
Analysed Reagent ' grade 

lmd\ so 

The C , H, N, and halogen analysis were carried out by A Bernhardt Mieroanalvtital Laboratories 
Miilhcim, Germany CopjTer was determined elecirolYlically after decomposing the complexes in 
mixtures of UNO,, H^SO, and HCIO, C„H,NOH was analysed spectrophotometrieally as the 
hydrochloride according to the method reported by Holi iNi.siiLAn ' " 

* Presented in part at the Southwide American Chemical Society Meeting in New Orleans, 
I ouisiana December 7 9, 1961 

t Department ol Chemistry and Geology, Clemson College, Clemson, South, Carc'lina 
1 SiJiioand L SlIsIDO, Puu Japan Aiad 33, 196(1957) 

■' J t Fanning and H B Jonassi n, C/iivn and Indiivn 1623 (1961) 

J Vot.hL, rexthook of Praitual Organic Cheniivin, p 168 Longmans, Green, London (1951) 
"I M Koi IHOFF and E B Sanoeil, rexlhook of Qiianlilaiiic Inort^ann Analwiv p -W 
Macmillan, New York (1952) 

R Cj W FlOLLiNGSHi AO, 0\//;e on«/ //i Dei er, Vol 1, p 49 Butterworths, London ( 1954) 
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Piepaiation of coppci nuinohnolale'. 

A Cu(CiH(,NO). 2HjO To a suitable volume of an aqueous topper(II) salt solution with known 
voneentratioii was added a slightly less than equivalent amount of C„H„NOH as a 5 per cent ethanol 
solution After standing tor about a week the piecipitate was hitered, washed with HjO, and dried at 
room temperature in a desiccator (Found Cu 16 72, C„H-NO, 74 5, HjO, 9 17 Calc for 
Cu(C„H„NO), 2H,0 Cu, 16 38 C„H,N() 74 35, H,0, 9 29 

B Pnpioation of Cu(C„HoNO)n Part of the precipitate was placed in an oven and dried at 1 10"C 
to constant weiglit (Found Cu, 18 10 Calc for Cu(C,|H(,NO), Cu, 18 06*',,) 

C Pnpani/iioi o/ CulC:,H^NOh(x) Filtyml of a 0 1 F solution of CutC.HaOJi FI in methanol 
was added to 100 ml of 0 If C„H|NOH A precipitate formed immediately which was filtered ofl, 
washed with several portions of methanol and dried at 110 C (Found Cu, 18 15, CnHjNO, 81 6 
Calc lor Cu(C„H,NO), ('^) Cu, I8 06 C„H-NO 8198“,,) 

D P/(y«iru/«wio/Cu(C,Fl„NO). (/i) Filtyml ot aO 1 F solutionof Cu(C.HjOi). H„0 in methanol 
was added to 100 ml of 0 1 F C„Fl|,NOH 1 he precipitate was allowed to stand in solution for at least 
two days The solid was then tillered oft and washed with several portions of methanol and dried at 
HOC (lound Cu, 18 07, C„H-NO, 81 8 Calc for Cu(C„H„NO )2 (/() Cu, 18 06, C,H,NO, 
81 98'’„) 

F CoHi <rw(j/i()/'Cii(C.,H, NO)., (-r) /(>Cu(C„Fl„NO)jf/;) Table 1 shows the results of the reaction 
carried out in methanol with and without hydroxide ion The concentration of the coppcr(Il) salts 
was 0 1 F Two dittcrent 0 1 F solutions of C.,H„NOH were prepared — to one was added enough NaOH 
to make the solution 0fl|5F in NaOH The solids obtained were washed with several portions of 
methanol and dried at 1 10 C The change Irom the a form to the /I form was carried out by allowing 
the C u(C„HtNO). (x) to icmain in solution 


TABir 1 -Riactions in mi thanoi 


Salt 

[NaOH] ~ 0 

[NaOH] 0 015F 

CiKClO,). 6H.O 

Cu(C,H, N0)2 (ft) alter 3-4 
days— green solution 

Green solution 

No precipitate 

Cu(NOj)2 3H.O 

Cu(C„H„NO). (/O after 2- 3 hr - 
green solution 

Green solution 

No precipitate 

CulC.H/Tlj H.O 

Cu(C„HfNO).. (a) immediately 
Cu(CjHr,NO )2 ()f) after 2 hr 
green solution 

Cii(C„H„NO)2 (in 
after 1 day — 
green solution 

CuSO, 5H;0 

Cu(C.,Hr,NO). ('/) immediately 
Cu(CoHfNO). (/<’) after 1 day 
green solution 

Green solution 
fine white pre- 
cipitate (CuSO,) 

C uCI. 2FFO 

Cu(C,H,,NO)Cl immediately 

Cu(C„H„NO)Cl 

immediately 

CuCl, 

Cu(C,H,.NO)CI immediately 

Cu(C.H„NO)Cl 

immediately 

CuBr^ 

Cu(C„HtNO)CI immediately 

Cu(C„H,NO)CI 

immediately 


Studies of phvsicul properties 

The density of the solids in Table 2 were determined by a flotation method employing mixtures of 
dihalogenated alkanes 

The influence of heat on the samples was studied with a Fisher-Johns Melting Point Apparatus 
The results are given in Table 2 

The magnetic susceptibilities were obtained on a Gouy balance at room temperature They have 
been corrected using Pascal’s constants 

R E Dodd and P L Robinson, Experimental Inorganic Chemistry, p 357 Elsevier, London, 
(1957) 

G Foex, C J Gorter and L J Smits, Conslanies Seleciionnees Diamagnelisme el Paramagne- 
tisme, Masson et Cie, Pans (1957) 
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Tilt infra-rcd spetti.i were ohlaincd tin a Beckman 1R5 having NaCI optics The Nujol mull 
method employed hy I RitsrR and his co-workers"'’ was used in a lew' cases Hcxachlorobiitadiene 
mulls were used to coniplimenl the Nii|ol spectra The intra-rcd data is given in Table 3 

The icncctanse speclia wcie obtained on a Beckman DU using the rcllcctancc attachment MgCOj 
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Fig 1 

mSCDSSION AND RTSI LTS 

In methanol the formation of the a and fi forms of Cu(C,,H,,NOK scents directly 
related to the nature of the anion The presence of NaOH presents or delays the 
appeal ance of CufCgH^NOI^ To interpret this reaction both the basicity of the anion 
and Its coordinating tendency must be considered 

As the conditions described in Table 1 show those copper(ll) salts containing non- 
co-ordmatmg weakly basic anions (CIO,^. NOj ) give the /> form only 

On the other hand those copper(II) salts containing basic anions (acetate, sulphate) 
which form fairly stable completes (CufCiHjO,), A' 5 10 * CuSOj A 4 5 

10 precipitate as the «-form 

This might indicate that under these conditions the first reaction is the displacement 
of the ligand from one or more positions because of the reaction of the proton of 
QHrNOH with the ligand to give HC^HjO,, for example This could lead to a mixed 
complex such as, [Cu(C,jH,OJC|,H,,NO)] 

A process of this type had been shown to be present in the formation of the mixed 
complexes Cu(CoH„NO)CI and Cu(QH«NO)Br 

A second CgHfiNOH can then react with the mixed ligand species to gi\e the form 
of Cu(r,H,.N01^ 

K B Ya isiMiRSK.li and V P \ wnv, fn\tahililv ( on^tanli of^CompIcx CoiiipouniJs (\^ns.\t\hTTAns~ 
lation) p 149, p 125 Pergamon, Oxford (I960) 
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On Ihc othei hand in basn. solution (Table 1) where an appreciable concentration 
of the basic C^H^NO anion is present the reaction leads slowly to the /I’-form of the 
Cu(C,,Hf,NO)^ at least for Cu(C\H ,0,), A detailed study of the eflect of pH and other 
\aiiablcs on the foimation of /f-foini from Cii(C\M and CUSO 4 will be published 
elscvvlicre 

When CudD salts react in aqueous solution with Ci,H(,NOH the precipitate is 
CufCgHiNO). 2H ,0 Depending on the reaction conditions under which 
C u(C,,H,,NO), 2H XJ was loimed either the x- 01 the p’-form of Cu(C.jH^NO), can be 
toimed when the hydrate is heated These obseications aie in line with those of 
Si 1 10 and Si Kino 

Althouuli \-ia\ powder patterns showed two foims cif C u(C,|H,,NO)j 2 H 2 O, the 
inlia-ied spectra of the two species aie the same Foi the x- and /‘f-forms of 
Cu(C,|H|,N()). howevci powdei patterns and infra-ied spectra arc different 

In I III I the iclleclance spedia of the x- and p'-foims aie shown The hard, black 
/f-civstals gi\e a dilfeieiu leflcoiaiice cut\e than the x-form, however, upon grinding 
the p'-loim takes on the colour and leflcctanee characteristics of the a-form Further- 
moic upon heating at about 200 C the p’-crystals “pop ’ open and produce the colour 
charactei isties of the x-form even though the infra-red characteristics remain the 
same 

It was thought that the dilfeicncc m reflectance chaiaeteristics of these two forms 
might be chic to the occlusion of oxygen the same two forms could, however, be 
obtained undet a nitiogen blanket 

X-iay patterns of the crushed material and of the crystals arc identical 
The magnetic properties of both the ciushecl and crystalline Cu(C,)H„NO )2 (ff) 
weic measuied A real clilferenee was found which however may be due to the possible 
non-uniformily of the erystalhnc material in the sample tube 

The infia-red spectia of ‘he x- and /(-forms show considerable difference The 
only peak which has been characterized is the “9 //" peak This peak m the vicinity of 
9 /I ( 1090 cm lor C,,Hf,NOH) has been assigned to the aryl-oxygen vibration in the 
Cs,H(,NOH‘’’ Infra-red spectra of a large number of metal CyH^NOH complexes 
have been measured The exact position of the 9/i peak in cm ’ was plotted as a 
function of the atomic weight of the metal and two straight lines resulted One line 
contained the metal complexes of Mg(ll), Ca(ll), Zn(ll), Cd(Jl) and Pb(Il) The 
other line included Cufll), Ni(ll), and Mn(II) Co(ll) was at the intersection of the 
lines The Cu spectia used m Reference (5) was, upon comparison, that of the x-form 
The p'-form would be at a position close to the first line 

it has been suggested that the complexes lying along each line may have structural 
similarity Only one, /n{C„H,,NO)^. is known to be tetrahedral Cu(CoH„NO )2 
(x) may be similar in structure to the Ni and Mn chelates On the other hand 
Cu(Cj|HfiNO )2 (/() may be a structural intermediate between its x-form and the group 
made up of Mg, Ca, Zn, etc 

If the magnetic moment difference is considered, the x-complex should be 
tetrahedral and the /(-complex, planar 

J Kyrki and H B Jonassin, Acta Cheiu Scant! To be submitted 
A J Berirand Unpublished results 

J C Lit; and J C Batiar, 7 Amcr Chem Sac 73, 5432 (1951) 

K fro and T fro, AiiO J Chem , II, 406 (1958) 
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When an aqueous solution of CuCi^ with a formality greater than 0 062 reacts with 
CtjH^NOH only Cu(Cj)HflNO)CI forms This occurs at even lower concentration of 
CuCh if excess chloride ions are added Under similar conditions the corresponding 
Cu(C„H„NO)Br is formed Their properties have been discussed in a previous paper 
Their properties are listed again in order to compare them with the other complexes 
Further studies on these complexes arc in progress 

Aikiionlecli;cmtnt Appreciation is extended to some members of the Chemistry Honour Class of 
1960 61 ot Tulane University tor their interest and their assistance in making many of the measure- 
ments Dr E A BouoRtAiJx’s aid in making the magnetic measurements is acknowledged This 
work was supported in part by the Oftice of Naval Research 
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THERMAL DECOMPOSITION OF THE TRIS 
(2,2'-BIPYRIDlNE) COMPLEXES OF SOME 
FIRST ROW TRANSITION GROUP 
ELEMENTS IN THE SOLID STATE 

S K Dhar* and F Basolo 

Contiibution fiom the Chemical Laboratories of Northwestern University, 

Evanston, Illinois 

{Received A Apid 1962 in iei’i\ed Jui m 6 June 1962) 

Vbstract- Kinetics ol the isothermal solid state decomposition of the tns (2,2'-bipyridinc) complexes 
oi the lirst row transition group elements [M(bipy) 3 ]Brj+(M Mn’ , fc' ,Co- , Ni'^ ,Cu“andZn- ) 
were studied under vacuum using a weight loss method Decomposition of (f etbipylaJBr^ [Ni(bipy),] 
Hi . and [CutbipyljlUrj were lound to obey the I'roul and lomkins' rate equation, dr - ka(l ~ a) 
hoi the rest ot the eompounds the data were not reprodueible enough to permit a dehnite conclusion 
The activation energies for the hrst dissociation step ol the complexes ol Fe= Ni- and Cu’ are 
L’lven .IS IS <ilso a study of their decomposition products 

An attempt was made to study the thermal decomposition of the compounds 
[M(bipy) where M -- he- , Co- . Ni^ , Cu'^ and Zn-', in solid state 

I he initial objective of this study was to determine the activation energies for the solid 
state dissociations of these complexes in order to sec if they ccsrrelate the crystal field 
cneigics operative in such a senes 

The picsent study indicates that the decomposition process takes place by complex 
mechanisms critically dependent on the characteristics of the solid These in some 
cases, arc apparently not reproducible For M he- and Nf^ the data arc fairly 
consistent The same is almost true for the Cu- compound For corresponding 
compounds of Mn-‘. Co^‘, and Zn'^ the data arc not reproducible 

In a solid state decomposition of the type A„ — ► B„ Cg, the onset of reaction 
involves the iormation of a new phase B at special points in the lattice of A Local 
deformation of the lattice must occui to cause this, which is referred to as “strain” 
riic potential nucleus sites arc generally associated with some types of lattice imper- 
lection for example lattice defects, dislocations, Smekcl cracks, etc Therefore the 
1 ate of decomposition, dependent on the rate of nucleus formation is a function of the 
particular crystal structure and surface condition cvf the solid sample A number of 
mechanisms have been postulated*-’ to account for such decompositions but an ap- 
parent agi cement with one or the other rate equations docs not necessarily prove the 
mechanism *•” 

The rate equation which was found primaiily applicable in this study is due to 
Pkout and Tompkins*” It is given by dxjdi Ax(,l a) where k is the probability 

* Present address Argonnt National Laboratory, Argonne, Illinois 
’ bipy 2,2'-bipyridinc 

" ’ W F CjARum (I liiiQi) Cheinniry Ilf the Solid Slate p 187 Butterworlh London (19S5) 

''' W r fiARNiR (Lditor) CJieiimtn of the Solid State, Chap 7 Biillerworih London ( 19 SS) 
"W r (Lditor) Cluniistrv of the Solid Stale, p 206 Butterworth London (19SS) 

"1 G PRouTand F C Tompkins, Trans laiad Soc 40,488 (1944) 
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of hi auchiiv’ of the nue\u ehcun .ind is assumed 
at lime t The cncrg\ of aetoation data were l 


constant a IS tlic (laction decomposed 
akulaled horn the Ariheniiis eciuation 


RISL'LIS AN/> f)(S( I'SSION 

Tiis (2 2 -hipM i<liiH’)iion(\\) hionink pviitaliMluitc The isolhernial decomposition 
of this conipouiHi in the icniperatiiic range 168 177 goes a product ana/ytically 

approMiiialint: t e(bipv)j , ( I able 2) T heeneigy (>f activation of the decomposition 

step [bc(bip\),JBi^ ‘ 1 e(bipy), Bi^ 1 5 bipy is 73 kcal mole ' with an estimated 
ma\imiim slope variation of 5"„ (Table 3 and Tig 3) The associated water mole- 
cules aie assumed to be lost in the prerecoidcd decomposition step Another possi- 
bility is that the watci may be lost only as a consequence of the decomposition of the 
complex and thus be of secondaiy significance T his is also generally true foi the rest of 
the compounds except [Mn(bipy)j]Bn which was anhydrous to start with The de- 
composition product IS light pink compared to the daik pink colour of the tris com- 
pound and dull red coloui of the mono compound, (Fc(hipy)Br^J The product may 
be formulated principally as [Te(bipy) 5 ][TeBr 4 ] In support of this assumption are the 
magnetic moment (3 43 B M )and molar conductivity (43, 1 82 and 273 m nitrobenzene, 
mtiomethane and acelomtiile, respectively) ol the compound The magnetic moment 
of the [rcBi 4 ]- ion is given to he 5 4 B M **’ and that of the Iris compound is approxi- 
mately ml The observed value of 3 45 lor [Te(bipy), , Br^]^ is thus in excellent agree- 
ment wth the above foi mulation T he icflcetaiice spectia provides additional support 
The spectium of [Tc(bipy)Br_,] indicates a broad absorption band aiound 1050 m/r 
(Fig 4) which IS absent in those of [Fe(bipy)j]Br, 5HT) and Tefbipy), r, Br^ This 
obseivation therefore tends to lule out alternate formulations such as [Fe(bipy)Br_.] 
0 5 bipy or [Tc(bipy) Bi_,] [Fe(bipy)j Br,] 

Earlier woik showed the isothermal decomposition product of [Fe(bipy)j] Cl> at 
100 to be the bis compound The anion thus makes a signilicant dilleienee in the 
decomposition steps of these compounds The same behaviour is observed m the 
decomposition of the coi responding nickel complex 

Tris(2 T-hip\) idinc)nHkel(\\) hioitiuh- pcntuindiule The decomposition product 
of this compound obtained in the range of 189 5 -203 5 also analytically approxi- 
mates Ni(bipy), g Br, (Table 2) The reaction rate constant values (branching coeffi- 
cient) are repioducible within r 5 per cent The Arrhenius energy of activation is 
56 kcal mole ^ with an estimated maximum slope variation of 10 per cent (Table 3) 
The reaction product is again assumed to be [Ni(bipy),][NiBr 4 ] as with the iron(ll) 
complex In support of this formulation arc the molar conductivity (308 m CH.,CN), 
magnetic moment and reflectance spectrum (Fig 5) of the decomposition product 
The observed magnetic moment of 3 4 B M per nickel ion agrees well with the 
expected value of 3 46 for the formulation [Ni(bipy),][NiBr 4 ] arrived at by taking 
the geometric mean of the magnetic moments of the individual ions Although the 
reflectance spectrum of the thermal product does not show the double peak of the 
[NiBr,]- ion,””’ the spectrum is characterized by a pronounced absorption band at 

'•’N S Gill J (hem Soc 3512 (1961) 

r Basolo and F P Dwylr, / (hem Soc 76,1454(1954) 

F H Bursfall and R S Nyuoim, 4 Chem So( 3570(1952) 

N S Gill and R S Nyhoim, 4 Chem Soc 3997 (1959) 

C M Harris and E D McKfnzie, 4 Inorp Nud Chem 19, 372 (1961) 

F A ConoNandR Francis, 4 Tnorp Nilcl Chem 17, 62 (1961) 
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~725 m/i (Fjg 5) This serves as a good indication of the presence of the tetrabromo 
. 5 , ion Such a band does not occur m either the tris or the bis compound A synthetic 
sample of [Ni(bipyK][NiBr 4 ] was prepared by mixing equimolar amounts of [Ni(bipyJ 3 ] 
i'' Br, 5HjO and [N(C^Hi,)j 2 [NiBrj in acetonitrile, and piecipitating the desired salt by 
“■ adding excess diethyl ether The reflectance spectrum of this compound is in close 
agreement with that of the thermal product (Fig 5) 

Ins (l,2'-hipyndine)copper{U) bromide monohydrate Since the third bipyridyl 
gioup IS held relatively loosely m this compound the initial vacuum equili- 
bration was done by jacketing the sample tube in a cold bath at 10 After proper 



Fkj 1 Thermograms of (MthipstjIBfi iiH.O 
A lMii(bipy)qHr, " B (fubipv ),]Brj 511.0 

C IColbipylilBr., SH.O D lO)lbip\),iBr. SH.O 

1 [Ni(bipy)i]Br, 5H.O F (Znlbipv ),lBr. 4HjO 

\acuum was attained the temperature was rapidly raised to the desired level The iso- 
therms wcic marked by pronounced induction periods (Fig 2) which were often not 
upioducible The rate constant values also Huetuated somewhat between dillerent 
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samples, although the energy of activation detci mined on three individual batches were 
concurient ( fable 3) The decomposition product is [Cufbipyf.Bro] The thermogram 
indicates a second dissociation step to [Cu(bipy)Bi_,] at a higher temperature This 
was not further investigated 

Tris (2,2'-hipviulinc)iohalt{,\\) hioniule hvdiale The thermograms of this com- 
pound shows two broad patterns (Fig 1 ) The isotherms also diflercd from batch to 
batch and so do the decomposition products The late equations followed were like- 
wise not consistent In addition to the Proui and FoMPklNS*” equation, the iini- 
molcculai late equation log(l y) — kl i was also lound to hold for a particular 
batch A moie thorough study is desiiable in conjunction with a structuial 
investigation to piobe into this disciepancv 

Tiis (2 2'-hip] I i(liiic)nianpaiicsii\\) hiamidc No consistent rate constant could be 
obtained with this compound The isotherms aic chaiacleiized by pronounced and 
iiicproducible induction peiiods which largely vitiate the lest of the isotherm The 
compound dissociates in two steps This is similar to the corresponding copper and 
/me complexes whicli also yield the bis and mono complexes (Fig I) No attempts 
were made to study the kinetics of the second step 

Tiis {2 2'-hip\ I idnie)ziii( {W) hionitde leiicdndiaic This convpound presents an 
interesting example of the variation m isothermal decomposition mechanism on aging 
A fleshly piepaied sample gave isotherms following the late equation Jog[y/(l y)] 
log kt i The same sample aflei standing for ten days in a closed vial gave an iso- 
thcini m agreement with the original Pkol i and I ompkins equation Flowever, one of 
the tiesh hatches also gave an isotherm corresponding to the Prout and Tompkins 
equation and an activ.ition eiieigy of -'-33 keal mole ‘ Although this value seems 
reasonable, no icliancc can be placed on it because of the difficulties encountered 
That the highest activation eneigy obseived was for the decomposition of 
[Fc(bip} )j]Bi , IS consistent with its spin paired configuration The higher incipient 
decomposition lempeiatuie for [Ni(bipy)j]Br^ on the other hand would mean a con- 
sidciably lower entropy factor (oi the nickel ctimplex in comparison to that of the 
iron(II) compound This observation also points out the risk of correlating incipient 
decomposition temperature observed in thcrmogravimclry to any fundamental prop- 
erty such as stability of the compound However, it is of interest to note that such a 
less lav oui able entropy term for the dissociation of these nickel (II) complexes relativ e 
to the iron(H) compounds was also observed for their reactions m aqueous solution 
'1 he lowest value observed for [Cii(bipy),]Br^ indicates a greater stability of the square 
planar oi tetragonal bisbipyridyl complex compared to the tris form Recent data by 
Cahani ct a! gave log Aq, log A_, and log A , values for this complex as 8 47, 5 58 and 
3 51 respectively The observed value of activation energy for the dissociation of the 
tris compound is thus consistent with the thermodynamic stabilities of the bis and the 
tris forms The overall dissociation constant for [FcIbipylJBr^ is given in the range ot 
IQ-irnj) j(,g p,g l^)g values for the nickel compound arc known now 

from the recent data of Cabani and Landiicci to be 6 9, 6 8, and 5 9 respectively 
The incipient decomposition temperature of (MnfbipyfjJBr^ and [Znfbipyf^jBr^ at 

"" P Bavilo, I C Haycs and H M Niumann, y /l/ner Chem Soc 76, 3807 (1954) 

S Caham, G MoRtiitandr Scrocco, 7 Chem Soc 88 (1962) 

J Bjikrcm, G ScHWARZLNBAcn and L C; Sn\JEH, Stuhihtv Constant Part f, p 70 ThtCheinical 
Society London (1957) 



Thermal decomposition of the tns (2,2'-bipyridinc) complexes 


41 


25 and 65° (Fig 1), respectively, suggests a lower order of stability for both than for 
the corresponding iron(il) and nickel (II) systems Such a results is consistent with the 
known thermodynamic stabilities for these systems <''*.>'»> However, in the absence of 
reliable activation energy values such a correlation is not necessarily justified 

E XPhRIMtNTAl 

Kiiu'lic measiircnicnls A preliminary estimate of the decomposition pattern of the compounds 
was obtained through their thermograms run under vacuum The vacuum was necessary to ensure 
removal of the free bipyridine lormed as a reaction product A hnclv ground sample ( 150 meshj 



Fk'i 5 - Airhenius activation energy plot of the decomposition step 
2[Ee(bipy),)Br. * [FetbipyldlFcBrJ t bipy 

approximately UK) mg in weight, was placed in the sample holder in the form of a thin layer and its 
suiface was lui rowed to expose maximum surface area The balance housing, after introduction of 
the sample was evacuated to a constant vacuum of 600// and the preheated lurnace was then positioned 
aiound the sample tube The isothermal kinetics was recorded after temperature equilibrium was 
allamed This led to partial decomposition of the sample prior to the actual recording The equation, 
In 1(-X('<1 Ar (, used to treat the data predicts a decrease ot the rate constant with in- 

creasing sample weight A qualitative experimental verilication of this was c)btaincd as is shown in 
fable 1 The sample quantity and recording of isotherms were ihcrclorc scs regulated as to give 


1 XULl 1 tirni OF SAMPLE VVtK.MT ON IHLRAll t ONSl ANT 



FOR 

IMF RLAC I ION 



NitbipvliHr. • 

■ Ni(bipv), .B, 

1 ' bipv 



Recorded 




weight loss 

Reaction rate constant 

I emp ( C) 

Sample weight (mg 

:) ( mg) 

tmin ‘) 

189 5 

60 

18 -i 

0 122 

189 5 

100 

TT 

0 0965 

1 96 5 

60 

147 

0 17 

196 5 

80 

22 

Oil 

1 96 5 

100 

28 

0 282 


reasonably close residual sample weight lor each set of experiments For (FetbipvfjBr. INitbipv),! 
Ri. and [CufbipyJulBrj, the recorded weight loss values were in the range of 22- 19 24 22, and 17 I't 


Ml 


R R MiiiFRandW Brandi, y /tim-i Chem ^oc 77, n 84 (195Sy 
S CABANtandM Landiicci, 7 Chem Soc 278 (1962) 
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mi- rc^ntc^Hc)^ Hr niob.ibk- dim bom ihis niRluition is expcLtdl to he well within the expen- 
nRnt.,l'icp,oi)i.dbil,iy'o, (, pd cdi. .is is evident Irom f.ib/v I Jh-s was also home out 
CNixnincnttillv 

LJndcr the conthdons employed the best tii oi the e'xperimcntai data uas obtained using the 
equ.ition proposed bv J’lout and lonipkins"' I he isoihcrnis were lound to show an autocalalylie 
behdvioui llie extent ol .uitoeatalvsis was extensive and irieprodueible fot the lower temperature 
deeoinpositions ol [Mn(bip\),]Br_," [C u(bipv),]Br. 11.0 and l/n(bipy),lBr . 4H.O In addition to 
the Pienit and Tompkins equation the unmioleeiilar rate equation log (I a) Ar i r and the 
equation loi;[7/(l -y)] loi;At < vvcic oeeasionally observed to give a better fit to certain 

isotheims 1 videiiec ol .uitoeatalvsis in the case ol [re(bipylj]Bii 5HX), [Ni(bipy)j)Brj 5HjO and 
(C otbipv ) ,)Bi_ V I {_0 was provided by the svstematie negative dev ration from the log [a/(l 7)J 

kt ( plots toi these compounds befoie ■y ~ 0 t In these systems the Prout and Tompkins equation 
held best in the range ol -/ 1) '-0 82 

/Ippufdiiis An Aniineo antomatie recording Thermograv b.ilanee was used for reeoiding the 
thermograms and the isotherms The tcmpeiatuie was eontiolled within a maximum variation ol 
t) ^ tor the isvuhernial expeiimeiits The balance employs a spring with a transducei assembly 
T he sample leniperalure w.is measured thioiigh analuniel chiomel Ihei moeoupic with its lip positioned 
at a disiaiiee ol .ibout I “i cm from the sample * I he sample hokfei constructed for this purpose was 
I I’viex glass flat dish of 2 I cm di imctei 

A (iiioy b.ilanee was utili/ed lor measuring the magnctie moments of the compounds The 
rellectanee spectra were obtained on a Beckman Dll siveelrophotomctcr equipped with standard 
lelleetanec att.iehmcnt ind usmi^ peiwdered magnesium eaibonate as standard 

Picpuiaiiiiii (i/ ilu (.om/nHouh I he compounds vveie prepared either diieetly by methods given m 
the literature oi by slight adaption ol them whencvci necessary The analysis data are given m Table 


I ABl 1 2 

ANAISSIS <11 

SlARllNt» M-\ILKI\IS 

ANO 

J>I ( OMPOSI J ION 

PHOOUC 

IS 




C'.lle 

ul.lted ( "„) 



Observed ( 




(' 

H 

N 

Co 

Bi 

c 

H 

N 

Co 

Br 

[Mn(bipv) ,lBi 

‘;2 4 

^ ^2 

124 



52 46 

3 55 

124 



(Fe(bipv),]Bi, 5H,C) 

4() (i 

44 

10 82 



46 8 

4 55 

II 08 



Tetbipyli ,Brj 

40 04 

2 67 

9 34 



39 3 

2 89 

9 01 



lc(bipv)Bi,* 

^2 4 

2 14 

7 54 



52 6 

2 19 

7 47 



[Co(bipy),]Bi J SH,() 

4X 0 

4 05 

II IK 

7 82 

21 5 

48 0 

4 56 

11 5 

7 84 

20 7 

[C'o(bipy),]Br.2 5H,0 

49 2 

5 96 

1 1 4 

8 1 5 

21 8 

49 42 

5 77 

1 1 5 

7 98 

22 5 

ICothipy) JBi j5l 1.0 

4(1 s 

44 

10 85 



46 5 

4 19 

10 96 



[Ni(bipy),]Br, 5H.O 

46 5 

4 58 

10 8 



46 75 

4 50 

11 03 



Nifbipy), ,Br.l 

59 8 

2 66 

9 27 


55 4 

58 80 

2 65 

9 10 


35 9 

Nitbipy), Br t 






40 16 


9 44 


35 8 

[Cu(bipy),]Br, tl.O 

50 6 

5 6() 

1 1 8 



50 3 

5 58 

1 2 06 



CutbipyfjBr. 

44 9 

2 98 

10 46 



43 96 

5 22 

10 57 



C u(bipy)Brj 

.51 6 

2 1 1 

7 29 



5| 6 

2 15 

7 56 



[Znfbipy),]Br, 4H,0 

47 2 

4 15 

10 95 



4'' 28 

4 50 

10 86 




* Obtained as a constant weu;hl residual product between 215 225 C Irom thermograv imelric 
decomposition of [1 e(bipy)i]Br^ 5TLO (Tig I, Curve H) 

f Obtained by the thermal dissociation of (Ni(bipyh|Brj 5HTJ 
J Obtained by direct synthesis as deseiibcd in the text 


The compound MnfbipyfjUr^ was prepaicd by the method of Bursiaii and Nsiioim'*"’ The 
method of Bursiall and Nviioi m was also used for the prepaialion of [rc(bipy),]Brj 5H/> The 
only dilTerenee being that the complex was precipitated from seilution by addition of an excess ol 
sodium bromide and the desired product was then dried ovcrconecntraied sulphuric acid Tssentially 
the same procedure was used for the synthesis of [Ni(bipy)i]Hrj STfjO 

The compound [CotbipyfilBr, vfT.O was prepared by a method similar to that reported by 
Burstall and Nvholm for the corresponding perchlorate salt T he solutions were well purged with 

* It must be rccogni/ed that a source of error in such instruments is that the actual sample tem- 
perature may be dilTcrent from the recorded temperature due to the heat of reaction of the system 
F H BuRSiAii .ind R S Nyhoim, ./ Chf/n Tor 1570 (1952) 
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Table 3 — EnercjV of ArrivAiiON and rate consiants for 7he fjrst 
STEP IHLRMAL DtSSrjTfAT/ONA OI THF SOLIDS M(bipy) 3 Br. 


Compound 

[Fe(bipy)jJBr. 


[NKbipylil'^''^ 


lCu(bipy)j]Br^ 
Sample No I 


[Cu(bipy),]Brj 
Sample No 2 


Energy of activation 


Temperature ( C) 

ktmin ') 

(kcal mole 

168 0 

0 123 


1700 

0 223 


171 0 

0 271 


172 0 

0 276 

76 5 

174 5 

0 453 


176 5 

0 736 


177 0 

0818 


189 5 

0 0965 


193 5 

0 193 


196 5 

0 308 

56 6 

199 5 

0 446 


203 5 

0 608 


44 5 

0 110 


45 7 

0 132 


48 75 

0 177 

24 2 

50 50 

0 237 


53 5 

0 320 


53 8 

0 308 


55 1 

0 430 


45 5 

0 155 


46 3 

0 175 


49 3 

0 234 

24 6 

52 25 

0 326 


53 25 

0413 




Titi 4 - Reflectance spectra of 
A [Fe(bipy),][FcBr 4 ] •/•» Intensity ol the sample 
B f e(bipy)Br. and Intensity of the MgCO, standard 

C [FetbipylJBr.. 
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niti ogen lo expel the dixsolved oxygen and exeexs sodium bromide was added to precipitate [Colbipy),] 
Br_ \H,0 The compound was dried under vacuum overnight, but variable hydrate compositions 
were obtained for dilferent preparations 

The procedure ol J ah,i u and \ \n Dux""' lor the synthesis ot [C ii(bipy),]S()i 7HjO was used lo 
prepare the bromide salt 1 xecss sodium bromide was added to the icaetioii mixture and the resulting 
bromide was leei vslalli/ed from walei and diied over conecntralcd sulphuric acid lo yield [Cu(bipy),] 
Br H_() Fins same ptoccdine was used tor the syntFicsis ol Zn(bipy),Bri 4HjO 



500 700 900 


F“i(. Reflectance spcctia of 

A (Ni(bip>),l[NiBr,] Thermal decomposition product of (Ni(bipy) 3 lBr. 5HjO 
B [Ni(bipy),][NiBi iJ Synthetic product (see text) 

C [NKbipv ),lBr. 51 1.0 


In the case of the nickcKII) and cobalt(tl) compounds an altcinpl was made lo obtain the anhydiotis 
salt by canying out the synthesis in absolute ethanol Thus I 1 14 g ol anhydrous NiBr^ w'as added to 
2 44 g of bipyi idinc dissolved in 80 ml of ethanol 'I he mixture was refluxed for 40 min and then the 
solution was concentrated to c.i 40 ml Addition of excess ether resulted in the precipitation of 
fNilbipvtilBi. The compound readily absorbs about 2 5 equivalents ol water from the atmosphere 
A solution of 0 42 g of anhydrous CoC h in 15 ml nitrogen purged absolute ethanol was added to 
0 55 g of bipyridine dissolved in 10 ml ethanol Nitiogcn was passed through the solution for tO min 
at room temperature and then an excess ol ether was added A fine precipitate ot [CotbipyljjBrj was 
obtained which was clued undei vacuum overnight Like the nickel complex [Co(bipy IJBr, also 
readily absorbs about 2 5 equivalents ot wa'er from atmosphere 

4(kn(n\ledj^enient\ This research was supported by the Advanced Research Projects Agency of the 
Department of Defense through the Northwestern University Materials Research Centre The 
authors thank Professor R Ci PrARSON for helpful discussions 

' ' F M JaHiFR and J A Van Dux, Z l/iu/iy duni 227, 274 (1936) 
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THE PYROLYSIS OF DIVALENT METAL 
8-QUINOLINOL CHELATES 

R G Charlps, a PtRRorTO and M A Dolan 
Westinghouse Research Laboratories Churchill Borough 
Pittsburgh 35, Pennsylvania 

(Reccu'cd 20 April 1962, in revned form 14 June 1962) 


Abstract The pyrolytic behaviour, m an inert atmosphere, of a senes of divalent inetal chelates 
derived fioni H-quinolinol has been studied The order of decreasing heat stability of the compounds 
IS Ca Mg Sr ~ Cd — Mn Ba Co Ni Zn Pb Cu Principal products of de- 
composition include H 8-quinolmol, the tree metal or the metal oxide, and carbonaceous materials 
111 which a portion of the metal chelate ring systems is retained Tor those 8-quinolinolates which give 
the Iree metals, the relative heat stabilities appeal to be determined by the case with which the divalent 
cations aic reduced to the metallic (orm 

IJt KINO the past scscral yeais there has been tonsidcrable interest in the preparation 
ol metal chelate polymeis as possible heat stable materials Surprisingly little is 
known, however, e'onceining the inherent heat stabilities of metal eheiate ring systems 
which might be incoiporated into such polymers Little is known also of the nature 
of the decomposition products foiincd on pyroivsis or of the elTcct upon heat stability 
ot such paiamcteis as the natuie of the metal Fhe piesent paper represents part of a 
continuing programme to obtain fundamental information in these areas through a 
study of model compounds 

Fievious woik<-’*’ in this laborate'iy has estabhslicd that certain of the divalent 
metal 8-quinohnolatc's (oxinates, I) especially those derived from the alkaline earth 
iiicTals, possess iclativciy high heat stabilities We have now studic’d in greater detail 
the pyiolytic behaviour of the oxinates dciivcd Irom most of the remaining divalent 
metals which form well charactei ized chelates''*' with 8-eiiiinolmol (8-hvdroxyquino- 
hne oxine, II) The metals employed areCu, Ni Co \ln. Zn Cd and Pb 


N - H 


I 11 lU 

* Picscnled al the 14tst Nalioiia' Meeting of the •Xinerican Chcmic.tl Socielv Washington D C 
March 1462 

'' for recent reviews concerning coordination polvmers sec C' W Kinmv Chiiri and Indinn 
(I ondon) 880 (I960) D B Sowtrhv and L L ■'Audrii rii J Clum I dm 37, |V4|19M1) 

’’ R G Charles and A lANc.tR. T Pli\s (hem 6.3. 603 (1959) 

'' R G Chari bS,/ //loig A'lic/ Clicrn 20,211 (1961) 

R G W' HolunCiSHlad, 0\me and lit Denuifiicf. Vols I and 11 Buuerwvuth Publications 
1 ondon (1954) 
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K c, ^ l-.M.-o.-uiM X 

r/.sm/s tN/) 


1 Pnpauiiioii of iompoum <; ,,,. piud riaupitatcs liom aqueous 

The d.Nale.u mcial os.naus a>s u.utuK 1 „,pea.v. metals There are 

soUiUon dmmg the uuiMmsine dsKumu. | ,,p.^KUion ot these eompouiuls in 

dessrinlions in the litsialme howsMi. ol tne pisp.uai ,,, , 

quantuv nht.i pi.paicJ bs the meilKHlpoen in the 1 spLiimental Section, and dried 
j( iDDi'i (cjiqv/alijic j// i/ic conipoiinc/s i. xccpt l/n. Pb ainl t ii osniales uere obtained 
as tliL dilivi/i.iiLs I liL Idtlci lv\ o I onipiuinds ueie an/ivdious This is shown by (he 
Ihci moeiat inicii iL ciiitcs ol I ig 2. ttheie no weight ic'ss occurs below 3tK) C, and 
also bv the nulal analyses m Tabic I All of these oxinates including the Pb and Cu 


I Mil I I ( OMI'OSI IKIS Ol DOMINI Ml I \L S-gDINOl INOl (MIIAILS 
DKIID \l KOOM II Ml‘l RMl'RI 



Mu.il ( 

"J 

H ,0 ( 



C aicci 

roiintl 

Calcd 

Found* 

Cu((’„H,NO)^ 

18 07 

18 1 

0 

0 0 

Ni(C,ll,NO),2H,() 

IS o 

IS 2 

941 

9 91 

Co(C.,ll„NO). 211.0 

IS 57 

IS 1 

9 40 

9 7 

Mine ,11, NO). 2n' o 

14 48 

14 1 

9 50 

9 2 

/iitC ,H,NO) 2H.O 

16 78 

16 6 

9 25 

8 9 

Cii(C„H,NO). 211.0 

2S 70 

26 1 

8 25 

8 1 

PhtC ,H, NO). 

41 80 

41 2 

0 

0 0 


* liHiuil ucight losses Irom thermograMiticlric runs in aigon 
I VVcigIn los-, to 180 C \ small additional weight loss, apparently due 
to libctation of oxine tliiough interaction of water w ith the osinate, occurs 
between 180 and 220 C 


chelates have be'cn lepoited to form dihydiates Apparently the hydrates of the 
latter two chelates are not stable however at loom temperature and normal (30-50 
per cent) humidity 

2 Conipaiatiic heat slahihiu^ 

The least ambiguous mdlioel which was found for comparing the heat stabilities of 
the oxinates is based on changes in ultra-violet absorption spectra as pyrolysis pro- 
gresses Tach of a series of weighed samples of the dehydrated oxinatc is scaled in an 
evacuated glass tube and licaled at constant temperature for a constant period of time 
The tube is cooled, broken open, and the contents extracted with aqueous MCI After 
quantitative dilution the optical absoibance at 252 m// is measured The absoibance 
(due to the quantitative formation of the ion III from remaining oxinatc'*') and the 
pyrolysis temperature define one point in Fig 1 The entire procedure is repeated to 
obtain olhei points 

This method is quite tedious but it circumvents ccitain difficulties inherent m the 
other two procedures described below For the latter two methods (but not for the 
method just described) volatilization of unchanged starting material or the exclusive 
formation of nonvolatile pyrolysis products can create serious problems of inter- 
pretation 

'"> M Borrli and R Anal\l Chim /It /« 4 , 267 (1950) 

•'’I L MLRRiir 4miht Chem 25,718(1955) 
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Any departure from the initial horizontal portions of the curves in Fig 1 must be 
^ue to pyrolysis. Completion of pyrolysis is accompanied, for most of the compounds, 
' . by a drop in absorbance to zero The curves for Cu and Pb oxinates differ from the 
others in that the absorbance does not fall sharply to zero As shown below this is due, 
. in these instances, to the formation of oxine as a major pyrolysis product Oxine 
dissolves in acid to give the same ion 111 as does unpyrolysed metal oxinatc 



Pyroiys": Tenr'ercture 


1 i(. I V.iruilion of .ibMirb.iiKC wiih pyrolysis tcniiscralurc lor divalciil mclal S-quino- 
linol chclalcs t ach point rcprcsenls a scpaiatelv heated sample dissolved in 0 1 M aque- 
ous tlCl Headni; lime was 4 hr The points given arc tor the anhydrous ehclates 

eseept for those at 25 ’C 

The lempcialiire at which pyiolysis fust becomes dctectiblc undci the conditions 
used varies over a wide range from about 275 C for the copper chelate to approxi- 
mately 460 C for cadmium oxinate The relaiixe heat stabilities of the metal oxinates 
can be determined by a comparison of the position, along the teinperatuie axis, of the 
sharply descending portions of the curves in Fig 1 The order of decreasing heat 
stability (which includes results obtained previously for the alkaline earth oxinates) is 
Ca Mg Sr — ^ Cd Mn Ba Co Ni Zn ''' Pb - Cu Although there 
aie appreciable dilTerences in heat stability between widely separated members of this 
series there is little difference between adjacent members 

The position of the oxmc, itself, in this sequence is not entirely clear Previous 
work''** has showm that oxine begins to decompose at temperatures below those 


.1 



4S 


R 


C'l C'llARl^^ ^ 


t>,„Ron.. anJ M A 


V .o cKco.npc... ,„c c„, N, ...u, 7„ om.u.c .. '» 
howcA... at 460 C whcc these tltue ehelatcs are cuntplcielv p>iolystU appears 

(hat oxine bchxi^s between li<t anti Ph 



Fit, 2 Weight loss temperature curses lor hydrated divalent metal 8-quinolinol 
ehtlates healed in argon at atmospheric pressure 1-ilty milligrams samples were used 
Arrosss show weight losses due to evaporation of unchanged chelate 


To supplement the sealed tube measurements, we have studied the thermogravi- 
metne (TGA) behaviour of the oxmate hydrates in a slow stream of argon at atmos- 
pheric pressure The TGA curves obtained are given tn Fig 2 Weight losses to about 
200 C are due to loss of water of hydration and have been used to calculate the numer- 
ical values for water content given in Table I Weight losses beyond 200°C must be 
due to evaporation of volatile pyrolysis products and/or evaporation of unchanged 
chelate For all the compounds, except Mn oxinatc, condensation of sublimed chelate 
outside the furnace could be observed visually in the temperature range, above 200”C, 
corresponding to weight loss in Fig 2 The amount of oxinate sublimed was calculated 
from metal analysis of the residue (to SOO^C) utilizing the reasonable assumption that 
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the oxinate was the only volatile metal-containing species * The quantities so calcu- 
lated are indicated in Fig 2 Sublimed oxinate accounts for most of the observed 
weight loss above 200" C for the /V/ chelate and for appreciable fractions of the weight 
losses for other chelates, with the exception of that for Mn oxinate Remaining weight 
losses above 200°C must be due to decomposition 

Judging from the appearance of the curves there must be considerable overlap m 
the temperature regions of sublimation and decomposition For most of the curves 
in Fig 2 sublimation obscures the temperature at which pyrolysis first becomes 
significant Inspection of the higher temperature portions of the curves where decom- 
position predominates, however, leads to the same order of decreasing heat stability 
deduced from Fig I, and given above The temperature regions over which decompo- 
sition occurs on the therniobalance appear to be shifted to slightly higher temperatures 
with respect to the corresponding regions in Fig I This is to be expected in \iew of 
the more prolonged heating involved in the scaled tube experiments 

It should be noted that the curves of Fig 2 arc quite different from those obtained 
previously in high vacuum Under the latter conditions most of the oxinates 
volatili/c completely at temperatures below' those necessary for pyrolysis The curses 
of I ig 2 also differ significantly from those obtained by other workers'’’. ’> in air In 
an atmosphere of air oxidation by oxygen and hydrolysis by water sapour undoubt- 
edly play important roles and the results arc not directly comparable with those 
obtained here 

A third method of comparing heat stabilities insoJscd follossing pressure changes 
in a closed glass system containing the metal oxinate and argon (near atmospheric 
prcssuie) as that portion of the apparatus containing the oxinate was heated Tlic 
remainder of the apparatus was kept at room tcmpciature By analogs with thermo- 
gravimetrie analysis (FOA) we have termed the present procedure thcrmomanometric 
analysis (FIVIA) TMA icscmbles TGA in that it is responsive to the formation of 
volatile products Unlike TGA howevei, FMA is sensitive onjv to permanent gases 
or to compounds having high vapour-pressures at room temperature Less volatile 
rnateiials condense on the cooler poitions of the apparatus and do not contribute 
sigmlicantly to the total prcssuic TMA is responsive to products on a molar rather 
than on a weight, basis and hence is more sensitive to the formation of pioducts 
o( low molecular weight such as H^, than is TGA 

In Fig f, 1 MA curves aic given for each of the anhydrous metal oxinates These 
curves have been calculated from the raw data by deducting the mciease in pressure 
line to heating the argon Because of the relatively static gas atmosphere and the 
diffciencc in geometiy of the apparatus, sublimation of unchanged oxinate was much 
less serious here than in the TGA experiments and could he neglected 

f volution of gas (Fig 3) begins at temperatures a little above the corresponding 
tcmperatuies vvhcie decomposition first becomes detectihle in Fig 1 Gases continue 
to he evolved up to the highest temperatures cm picsyed although there is some tend- 
ency foi the curves to level off .iftcr all the starting chelate has undergone pvrolvsis 
It is apparent that the gases produced at the highest temperatures come from fuithei 
decomposition ol initially produced pyrolysis products The Pb and Cii oxiilatcs weic 


I or Cd oxinaie this appeared to be true of the thcrmoeravimeiric run Proloneed isolhcnnal 
heating al 500 C. however, resulled in measurable volalilwatron of Cd metal 
'’C Duval, /noigofiK Tlicn>u>i;i onmcD n Analv\i\ flsevicr New V ork 1 1 95 V) 
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observed to give oft less gas tliaii the othci clielales The Pb chelate repeatedly gave 
erialie behaMoiii in the temperature langc 450-600 'C. although the general shape of 
the cuive was not ehanged VVe have no explanation for this behaviour The order 



of decreasing heat stability based on the tcmpciaturc at which gaseous decomposition 
products are first detected in Fig 3 is the same as that deduced from Fig 1 

3 P\iolvsis p/aducts 

The products of decomposition can conveniently be classed into two groups (a) 
those volatile at the pyrolysis temperature and (b) non-volatile materials which 
comprise the residues 

The identities of the gaseous components of group fa) were established by separate 
expenmLiiis in which the anhydrous oxinates were heated at constant temperature 
under argon m scaled glass tubes After cooling to room temperature the gas phase 
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was analysed with a mass spectrometer The results are given in Table 2 The prin- 
cipal gaseous product in each case was H, At 700 C this was accompanied by significant 
amounts of CH 4 , CO and CO, Nitrogen was also given off by the Ni Co, and Zn 
oxinates at the higher temperatures 

The only other volatile product identified was oxine This was identified in each 
instance by its ultra-violet absorption spectrum and by the melting points of the white 

Tahli 2 — VoiAiin in ( omposoion prodocis from anhyorocs MtrAC 

8-QUIN()L1N0L CHIIAIES HIAlLD 4 HR IN ARC, OS 

Mole ratios hractional 

Prcicluct/osinatc taken weight loss 


Sum of 


MeUil 

femp ( C ) 

II2 

CH. 

CO 

ro. 

Osinc 

Obs* 

produi-ts 

C u 

500 

0 1 1 

0 

0 04 

0 o.t 

1 14 

0 50 

0 42 

700 

0 55 

oot 

0 24 

0 12 

I 23 

- 

- 

Ni 

500 

0 47 

0 02 

0 12 

0 05 

0 54 

0 24 

0 27 


7001 

2 17 

0 to 

07t 

0 17 

0 35 



Co 

500 

1 07 

0 07 

0 25 

0 25 

0 22 

0 27 

0 17 


7(X)t 

4 2b 

0 44 

0 86 

0 27 

0 14 

- 

- 

Mu 

SOO 

1 OJ 

0 02 

0 02 

0 01 

0 05 

0 10 

0 03 


7(H') 

2 07 

0 ts> 

0 80 

0 02 

0 04 

- 


/II 

S(K1 

1 15 

0 02 

0 02 

001 

0 12 

0 07 

0 07 


700** 

1 to 

0 t8 

0 82 

0 07 

0 14 


- 

Cd 

5(Xt 

0 52 

oot 

oot 

0 01 

0 62 

h 

0 26 


700 

1 to 

0 17 

0 25 

0 24 

0 69 

- 

— 

l>b 

SOO 

0 14 

0 

0 07 

0 02 

0 96 

0 25 

0 29 


7tKl 

0 8b 

(1 08 

0 26 

0 17 

1 04 

- 



jj C'alcd Irom metal content of residue 

^ I 0 4t mole ratio N , 

, ' t) 74 mole latio 

** 0 14 mole ratio isi, 

>> I I Not ealed because ot volatility of Cd metal 

I 

;; necdle-like crystals which formed on the cooler poitions of the tubes during psrolvsts 
, The c|uantities foimed (Table 2) were determined by dissolving the sublimed material 
i ITom the gas determinations abesve in aquci>us HC I and determining the optical 
^ absorbance at 252 m/i The results are listed in Table 2 As evident from Table 2 
; osinc IS pioduced principally at the lower pyrolysis temperatures where the chelate 
; latlici than its initially formed pvrcvlysis pioducts is decomposing 

flic mm oflhc weights of the products listed is compared with the total weight loss 
‘h due to decomposition in Table 2 The products listed account for most of the weight 
loss In the case of cobalt oxiuate there is a signiheant diflcrence between the observed 
S weight loss and the sum of the products listed This indicates that other unidentilicd. 
f* volatile products must be formed Smaller amounts of such products mav be formed 
^ also by the other chelates 

^ flcmental analyses of the nonvolatile residues remaimng from pvrolvsis at StXf'C 
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aie given m Table 3 togciliei v\itli the spceies identified by X-ray diffraction powder 
patterns '1 lie lesidiies contain appreciable amounts of C. H, N and O m addition to 
nictal 

The Cu Ni, Co C’d and Pb ovinates aie seen to give the tree metals as pyrolysis 
piodiicts while Mil and Zn osmates give the oxides The ferromagnetism of Ni and 
Co was used as a basis foi delei mining the amounts of these metals m the pyrolysis 


I MU I 1 ('oMi>< ISO kin; oi ANI 1 VHKOUS nonvoiamii risiduls i-rom ruh 

l"lRonSIS Ol \N 1 IVOKOIS 8-01 INOl INOl (IIIIAIIS (4 HR Al 500'ClN 

ARl.ON) 




L kiiienkil 

.1 nulvscs 

("1 









Species 

Xlctdl 

\l 

( 

H 

N 

O* 

idcntihcc 

C u 

1(. 8 

44 0 

1 54 

5 5S 

12 

Cu 

Ni 

22 s 

S8 0 

2 Ml 

8 05 

9 

Ni 

( ') 

23 4 

S9 8 

2 27 

7 l| 

7 

to 

Mn 

17 () 

S8 S 

2 74 

5 22 

16 

MnO 

/n 

19 8 

s9 0 

2 72 

5 48 

1 1 

ZnO 

C '1 

2 1 t 

S2 1 

2 57 

6 2(1 

9 

Cd 

I'b 

Ss 9 

10 f> 

1 16 

1 82 

8 

Pbi 


* Hv dilkreiiv-c 

' AKo ueak lines no! due lo l‘bO 


I VIII I t Rn AIIONSHII' 111 I VVI I N SIAMIARD 
'll I 'I OMhVIIOS I’OIIMIAIS AND ItlSISlAMI Ol 
IMI 8-OUSOIINOI (Mil Alls lO I'V HOI V SIS 



Oxin lie 


Mcial 

(kcomp lonip ( C) 

1 

Cu 

275 

0 117 

Ph 

111) 

0 126 

Ni 

4(K) 

0 250 

Co 

420 

0 277 

( d 

460 

0 40 1 


lesidiics Bv magnetic susceptibility measurements 54 pci cent of total Ni content and 
41 pel cent of the C o were fouml to be present as the free mdals at 50()'’C 

for those oxinates which give free metal on pyrolysis a correlation was observed 
between heat stability and the case with which the divalent metal ion can be icduced to 
the metallic form In Tabic 4 the standard oxidation potentials*^' of the metals are 
compared with the temperatures fFig I ) at which decomposition of the oxinates first 
becomes detectiblc A definite parallelism is seen to exist with the oxinates of the most 
easily reduced cations the most susceptible to pyrolysis Mn and Zn oxinates, which 
give the oxides, are less heat stable than would be predicted by the observed relation- 
ship 

It IS interesting that the oxinates which are most resistant to heat are not the ones 
which arc most resistant to dissociation (to ions) in aqueous solution On the contrary 

IB) w )vj Lativiir, T/ri^ Oxidahon States of the Lkntents and Then Potentials in Aqueous Solutions, 
(2nd Ld ) Prcnlicc-Hall, New York (1952) 
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a rough iiucrsc relationship seems to exist between heat stability and the reported 
solution stability constants'''. for the metal oxinates 


4 PvroU'Sis mechanism 

Most of the data obtained at the lower pyrolysis temperatures can be accounted 
foi satisfactorily by the Equations (1H3) below 



IV 

/ 

I+H- HO - ^ 



The first slop (1) in the proposed mechanism iinoKes intcrmolecular dehydrogen- 
aiioii between metal oxinate molecules to gi\e polymeric structures in which the metal 
chelate ring systems are retained IV is one of a number of possible structures The 
hydrogen released may be evolved as or may react with remaining I by the paths 
(2) or (1) to give the products indicated The facility with which 1 can act as a 
hydrogen acceptoi may determine the lelative heat stabilities of those oxinates which 
icacl by path (2) 

tquations (I) and (2) require that the molar sum of (H. - \oxmc) equal the 
numlicr of moles of oxinate taken, when n is laigc The experimental values at 500 C 
(Table 2) lor the ratio [(H, ]oxine)/o\inate] he m the range 0 62-1 18 At higher 
lempciatuics this ratio becomes much larger than 1 due to increased evolution 
of IE 1 his additional evolution of H_, must involve inter- and intra-molecular dehvd- 
logcnation of initially formed products, such as IV That the dchxdrcxgenalion at the 
higher temperatures is accompanied by partial disruption of the metal chelate ring 
systems is shown by the formation of the other gaseous products listed m Table 2 
At 700' C even the quinoline nucleus is disrupted to some extent as evidenced by the 
evolution of from the Ni-, Co-, and /n-con taming materials 

tquations (1) to (3) can be considered only an approximation to the true state of 
alfairs even at the lower pyrolysis temperatures In the two instances where a direct 
measure was obtained of the amount of metal (Ni and Cci) prciduccd at 500 C the 
quantities are greater than can be accounted for by Equation (2) In order to lit these 

R Nasanln, S'frtwi Kent B 2, 1 1 (1953) 

W D Johns ION and H F ruSlk, ‘\naht Chim Acta (1954) 
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data into the aboAC schtnic, it i'' neccssarv to postulate additional oxidation reduction 
leactions msoKing iV which do not evolve H, or oxine 

1 \I>E RIMI NTAl 

Pn pat atiou dj Lonipo muh 

Si-veii and Inc iLiiiln i^iainiiicN (0 ()S2 mole) ol S-qumolinol was dissolved in 200 ml methanol To 
Ihn solulioii was aiidod v\iih sin iin^ 0 025 mole ol the divalent melal acetate dissolved in 500 ml ol 
watei 1 ills was tollowcd by a solution ol 0 075 moles’* ol sevdium aeelatc in 100 ml water The mix- 
uiie was heated neai 1\ lo boiling cooled to room tempeiatiire, and the precipitate was filtered oil on a 
Itiiclinei liiiinel 1 he eompound was washed repeatedly with hot walei It was then diicd in the air 
at loom icmpeialiiie loi about a week and tinallv stored m a lightly capped jar to prevent furthci 
shanees m hvdiation \ lelds weie piaetieallv ejuantilativc Analyses are given m Table 1 

S( n/t i/ /»/). < \/i< / mu 

1 aeli ol a sciies ol 100 me samples ol the an-di led oxinatcs was weighed into a I’yrcx glass tube ol 
.ibout Imleapaeitv 1 be open lubes weie then heated overnight at 150 C in a vacuum oven Previous 
woik'“' h id establishcvl that all the compo.inels dehvdrate completely untlei these conditions The 
lubes weie cooled in a desicealor evacuated to a pressuie ol about t/i, and sealed with a toieh Each 
tube was then healed toi 4 hr in a constant temperatuie luinaee with the entiic tube within the hot 
/one 

I ash cooled tube w \s wijpped in sheet polyethvleiie and bioken open with a hammer The un- 
le.ieted OMiiate was evlraetcd by Stirling with 20 ml ol IM aqueous MCI In some instances gentle 
heating w IS nceessaiy The cMiaet was lilteied into a 5()o ml volunielne flask The beaker, poly- 
elhvleiie and filler Were washed w iih 0 IM H( 1 which was added to the liitrale The combined hiliate 
was made up to 500 ml with 0 I M HCI An alie|uol ol this solution was fuither diluted 1 lo 100 with 

0 I M MCI The absoi bailee (optical deiisitv) ol the diluted solut'on at 252 m/i was measured with a 
Carv model 14 spcelrophotometci using I em c|uait/ cells The measuied absorbance and pyrolysis 
tempeiature lor each tube was used to detine iine point on the plots given in hig I The points at 
25 C 111 1 ig 1 Were obtained as above but by using the pioduets directly which had not been dehydra- 
ted and wliieli had not been sealed inlei glass tubes oi heated 

1 hi nno'^mi iDwn ic anah s/s 

The balance previoiislv deseiibed'-' was emploved lor the piesent cxpeiiments, however, the 
balance was operated at ainiospherie pressuie A slow stream (50 ml/inin) ol high purity aigon flowed 
ovei the sample during the luii Air was i igoiously excluded 1 he sample was contained m a shallow 
platinum cup lemperalure was iiie’ieased at a linear rate of 2 I C/niin Temperature weight plots 
were obt.imed directly with a Moseley X-V leeorder 

Thc'i momanonu ti u amih s/s 

The app.tiatus consisted of a vciiieal quart/ furnace lube about 15 mm diameter and 100 ml 
capacity sealed at the lower end T he bottom thud of the tube was supported within a Hoskins tube 
luriiaee The tipper end of the lube (at room temperature) communicated by means of an O-ring 
)omt and stopcock arrangement to a modified Warburg open-end manometer The latter employed 
mercury as the manometne fluid 

The sample was contained m a small quartz cup which rested on the bottom of the furnace tube in 
close proximity to a theinioeouple well indented through the wall of the furnace tube Tempeiature 
was measured by means ol a ehromcHalumcl thermoeouple The furnace temperature was laiscd 
linearly with time by means of a synchronous motor-driven Variac The rale of temperature increase 
was 2 9 C/mm 

For a run, T 10 ' mole of the chelate was weighed into the sample cup and dehydrated in the 
vacuum oven lor two or more hours at 1 50 C The apparatus was assembled and alternately evacuated 
and refilled with argon several times lo displace the air Finally the pressure was brought to about 
525 mm Hg and the apparatus sealed off by means of a stopcock Heating was then begun Pressure, 
temperature and barometer readings were taken at intervals The total pressure increase duimg a 
typical run (Mn oxinale) was 360 mm Hg of which about 200 mm Hg was due to the formation of 
decomposition products 

A series of calibration runs were carried out in which known quantities of argon, alone, were 

* For the preparation of the Cu, Ni, and Pb chelates 0 05 mole were used 
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healed as above From Ihe pressurc-tempcralure relationships obtained, linear plots could be con- 
structed relating the number of moles of gas present in the system to observed pressure rcading^s at any 
lurnace temperature A laniily of such plots was used to construct the curves of Fig 1 from the pres- 
sure readings obtained during runs with the oxinates Implicit in this treatment is the assumption that 
a mole of "aseous decomposition product will make the same contribution to the total pressure as a 
mole of argon This is only approximately true but sulliciently accurate results are obtained for the 
picscnt purposes wheie intercomparisons between related materials are the prime considerations 
Results obtained are consistent with those from the dilTercnt procedure, utilizing a mass spectrometer, 
which is described below 

Muss spectromelei analysis 

One hundred mg samples of the air-dried chelates were dehydrated in the vacuum oven Each 
sample v a^ sealed in a cylindrical Vycor glass tube equipped with a stopc(x.k arrangement under a 
measured pressure ol about 525 mm Hg ol argon The tubes were heated 4 hr at constant temperature 
using a thermostatically controlled tube furnace Volatile decomposition products were free to 
condense on cool portions of the tube outside the furnace After cooling for several hours, each tube 
was attached to the mass spectrometer (Consolidated No 21-103) and a gas sample taken The 
number of moles of each gaseous product could be calculated from the known amount of argon taken 
.ind the mole ratio of product to argon, obtained from the mass spectrometer data 

The sublimed material from each run was dissolved in 1 M HCl The resulting extract was analysed 
separately lor metal and for oxine (speclrophotomctrically as described above) A negligible amount 
ot metal was tciund in the sublimate except for the Cd oxinatc run where a signiheant amount of Cd 
mtial volalili/cd Irom the heated zone 

Sliulu s tin oil III!,' iioiiLolatilc icsitliics 

Samples ol the nonvolatile mixtures resulting from pyrolysis were obtained b) heating at constant 
tiiiipcMtuic 1 g portions of the dehydrated oxinates contained in shallow quartz boats, in a slow 
Stic im Ol argon A thermostatically controlled tube furnace was employed The dark colored residues 
were cooled in argon and giound to a powdei I he powdered m.ilcrials all had a tendency to absorb 
scvci il per cent ot their weight ol water when exposed to air of normal hunnditv In all cases this 
could be removed by healing to 100' C’ All analysis lor these materials refer to the drv basis 

Caibori hydiogen, and nitrogen elemental analyses were performed by the Galbraith I aboratorics 
Knoxville, Icnncssee Metal analyses were carried out using accepted macro procedures Magnetic 
susceptibility measurements were carried out on the dry residues Irom the Co and Ni oxinates' The 
1 ar.iday method'*" was used Metal contents were calculated using the saturation magnetic moment 
values n, 54 4 e m u/g and rr 161 e m u 'g lor Ni and Co metals rcspcctivelv The suscept- 
ihililv extrapolated to infinite magnetic held was used for the C'o residue calculations 

■likiionicdi’emciit -The writers are grateful to Dr W M Hk IsAsi for the mass spectrometer results 
to Di D 1 C'dx foi Ihe magnetic siisccptibihlv measurements and to Miss H K soli for the \-rav 
d. 11 Faction determinations 

R VV Si iwiHii), Ahigiu ux/k /F inn 1 (2nd I d ) p 11 lntcrs,.icncc New 'i ork t W5(i) 

' ' R M Ho/ouiii, Fi I iiiiniit^iicnsiii V'an Nostrand, New York llh‘'l) 
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THE CHEMISTRY OF PROTACTINIUM— I 

THF NATURE OF SPECIES IN HCI SOLUTIONS BY SOLVENT 
rXTRACTION AND PAPER ELECTROPHORESIS 

J Shankar, K S VFNKAXtswARLU and C Gopinathan 

Chemrstry Division Atomic Energy Esldblishmcnt Trombay, Bombay, India 

( Rc< t II Ptl 25 4/iril \9ft2, m rei iscil Junn \9 June \9b2) 

Abstract In this paper, experiments on the extraction of ““Pa into tri-n-butyl phosphate from 
hydrochloric acid solutions are described The effect of fluoride, phosphate citric lactic and tartaric 
.icids on the distribution coeflicient was studied Ethyl acetoacetate was found to be a good extracting 
agent 

A scmi-closcd type apparatus has been designed for use in elcctro-phorcsis studies of ““Pa in HCI 
solutions I rom the vaiiatioii ot the anion/cation ratio with the concentration of HCI the nature ot 
ihc cation to anion conversions could be inferred The mobility of ““Pa is greatly enhanced by the 
picscncc ot traces ol fluoride ion, and the histograms clearly indicate the presence of cationic species 

Eari iFR observations e g '' on the extraction of protactinium into organic solvents 
stidi as di-isopropyl carbinol, nitrobenzene etc, have indicated that the distribution 
coefficients are affected by acidity and depend upon the complexing agents (eg 
oxalate) present in the aqueous solution On the basis of their observations, Casev 
and Maddock*^’ have postulated a dynamic equilibrium involving a number of 
hydroxylatcd chloride species of Pa(V) in aqueous HCI solutions 

Very little work appears to have been carried out on the paper electrophoresis of 
protactinium solutions This may be due to the difficultv in working with lugh acid 
concentrations requiring high currents 

Jakovac’ and Lidirir'’’* studied the paper eIcctropJiorcsis of protactinium in 1 N 
KOH while ViRNOis'*'! repotted the use of this technique in HC1(0 6 N HF(2 N) 
medium to ellect the sepaiation or“®*Pa from a number cT other elements 

fhe present papci gives the results of a study of the extraction of ■^'^Pa from HCI 
solutums into tii-n-butyl phosphate and the effects of the fluoride phosphate citrate, 
lartarate and lactate ions on the distribution coefficients The migration of protactin- 
ium using the paper electrophoresis technique was investigated to get a further insight 
into the nature ol the species present in aqueous HCI solutions used for extraction 

1 XPf RIMENTAL 

l-l Pii para/ion of'piolacliniiiiii-2'^^ 

I his w.ts prepared by irradiation of very pure thorium nitrate in the Apsrra reactor and the “’Pa 
scparited by the ion exchange method of Kraos and Moorf The puritv of “’P.a was checked b\ 
mcasiiiei ients of its half-life, /t-absorption and /-spectrum All the observations agreed verv closclv 

‘ A (j (lOiiLLandA G Madoock,/ Inorj; ^u(l f/i<w , 7. 94 (IdSS) 

\ I CASiYandA Cr Maddock, 7 Inor^ \iicl Cheni 10, 289 ( 1>)59) 

' D E PrpPARD, G W Mason and M V Girofl J lnor« Nucl Chem 3. 370 (19561 
I 1 Kai/ and Cl T SfaiiorCi, f/ic C/icmnlry of Adinitie tlenienis n 67 93 Methuen London 
(19S8) ^ 

''/ IvkoVArandM Lpofrer J dn omalo"raph\ 1,289 (1958) 

J ViRNOis, 7 C /iiomaloprapliv 2, 155 (19S9) 

K A Kraus and G I- Moorf 7 4m<>i Chcni Soi 72.4293 (1950) 
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with those lepoilcd cailitr "" The aeiditv of the stoek solution stoied in a polythene container, was 
maintained at 6 M HCI 

1-2 Siilidil t \ tun t ton puntcJiin iini/ i>u ii\iin incur 

Iii-n-bulyl phosphate used in these espeiiments was t astman white label cjuality This was 
Uiithei puritied by washing loin times with 0 I M sodium hydroeide and then an equal number ol 
limes wilh distilled walei I th\l aecloaeetate was purilied by distillation All other reagents used 
weie ol K O H AnalaR oi I Merck (i R quality 

the sohent esliactions were earned out in It) ml polythene tubes with piishht stoppers The 
adsoi ption ol -"I’a on these polyihene lubes was tound to be negligible The organic solvent ("I ml 
ol umliluted rUP or 5 and 2s'\, 1 RP in benzene) was pre-equilibratcd with an equal volume ol the 
aqueous phase eontaming -“Pa at a known acid coneeniralion The two phases were separated by 
eenlnlugmt; the eontainei Two ml ol tins oiganie phase was taken in another polythene lube and 
was eqnilibiated with an aqueous phase ol the s imi aeidily as used before, but conlaming no pro- 
l.ielimum This lube was nieehanieall\ shaken lor IS min and the Iwo phases were again separated 
bv eeiitriluging them This proeedinc eliminated the inaeeiir.ieies due to the presence ol any incstrae- 
lable species of -“Pa It aKo look care ol any extraction ol hydrochloric acid by the soWents, and 
the lone stieiipth remained constant during the expetiment as the partition ol HCI is very small 
Aliquots ot both the oiganie and aqueous phases weie measured in a well type Nal (FI) seinlillalion 
count mg asseinblv using a sinttlc ehaiinel pulse height analysei All the measurements were made 
with a narrow ehaniiel width (0 5 V) at the position ol 0 H MeV peak of “T’a F rotn the data, the 
distribulion eOeflieieiil 

I, (■"Ra),,,t,(-''Pa'),,, was ealeiilatcd 
The o\et all lepiodueibilily was I per eei I 

1-S Pi/pi / I IcdioplioK '<i\ pmutliiK 

111 a slicing HC'I medium the e'onduetivitv was veiv high and involved dillieulties in operation so 
lint the sandwich tvpc ot .ipp.ir itus'” could not be used, eve' slight luin-unilormilies in pressure 
leading to the disinlegr.ition I'l the paper This necessitated the development ol a semi-elosed unit 
with minimum evapc'i.ition losses fhe apparatus shown in 1 ig 1 was entirely made Irom Perspex 



A PAPER STRIP B PERSPEX TUBE C PVC TUBE COVERING HOLE IN CENTRE 
D GRAPHITE ELECTRODES E PVC TUBE FOR EQUALISATION OF LIQUID LEVELS 
F PINCH COCK e ELECTRODE COMPARTMENTS H TANK CONTAINING COOLANT. 
WATER J LID K HOLE 

Pig I — Sketch of the electrophoresis apparatus 

'*> D Strominc.i R J M Hot I ANOFR and G T Seaboro, Mod Phvr 30,814(1958) 

M Lederfr, 4n Inliocluctuin to Paper Llectrophorests and Related Methods, p 41 41 I Iscvicr 
Publishing Compiny (1957) 
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The filter paper strip, A, Whatman chromatographic paper No 3, 5 mm wide, was held horirontally 
in a Perspex tube. B (40 cm length), of a slightly larger diameter This tube had a small hole, K, in 
the centre through which **“Pa was spotted on to the paper and the hole was covered later on with 
a close fitting PVC tubing The tube containing the paper strip as well as the electrolyte tanks, G 
were cooled by immersion in a larger reservoir of ice cold water, H, as indicated in Fig 1 An electro- 
nically stabilized d c potential of 150 V was applied through graphite electrodes The potential 
gradient on the strip was 3 3 V/cm The current (30 to 40 mA) during any given run remained steady 
showing that there were no changes in the conductivity 

After the appropriate time interval, the current was switched off and the aeid drained out from the 
electrode compartment The paper strip was dried by blowing warm air through the Perspex tube 
The strip was then cut in lengths of 1 cm and the activity of “-ipa vas measured on the scintillation 
spectrometer A blank experiment without the electrical potential being on, showed that “’Pa diffuses 
to a maximum of 0 5 cm on either side of the neutral line 

2 RESULTS AND DISCUSSION 

2-1 Effetls oj acidity in sohent extraction and electrophoresis studies 

In solvent extraction experiments, the molarity of HCI in the aqueous phase was 
varied from 3 0 to 5 5 M The results of studies of extraction into undiluted TBP and 
5 and 25 TBP in ben/enc arc shown m Fig 2 From this it is seen that, in all the 
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three eases, the logarithm of the distribution coefficient (r/) increases linearly with the 
logarithm of the activity of HCI The plots for 5 and 25";, TBP are parallel and have 
a slope of five, while the slope of the plot for undiluted TBP is somewhat lower 5) 

In electrophoresis studies, the acidity was varied from 3 5 to 60 M HCI The 
histograms shown in Fig 3 arc averages of at least three independent runs These 
clearly indicate that although a ma|or fraction of protactinium (-^70 per cent) remains 
at the centre line (neutral /one) the anion to cation ratio increases with increasing aeid 
molarity 

The nature of the protactinium species in aqueous acidic solutions has been the 
subject of study by seveial workers Wixc on the basis of ion exchange studies in 
perchloric acid suggested the existence of the protactinyl ion Kraus,<^'’ and Casey 
and Maiidoc k*"’ have however postulated partially hydroxylated species of protactin- 
ium It seems now generally accepted**®' that most of these species are of the type 
[Pa(()H)„X,„ I' ' " Depending upon the values of /; amd w, they are cationic, 
neutial or anionic and an equilibrium between these species is rapidly established in 
the solution In sohent extraction studies (at a fixed solvent dilution), if the plots of 
the logai itlim of the distribution coefficient against the logaiithm of activity of the acid 
emploved aie linear one of the possibilities is that single species only is extracted, even 
though seveial species in dynamic equilibrium may be present m the aqueous phase 
For the extraction of ®“Pa into TBP, the log log plots (Fig 2) are linear The slope of 
five for plots for both 5 and 25 TBP can only be explained by postulating conversion 
of a highly hydroxylated species such as Pa(OH),CT ‘ into a readily extractable neutral 
species, Pa(OH)CT, However, the slope of the log-log plot for pure TBP is of the 
order of 3 5 This can be accounted for as due to the extraction of a neutral species 
such as Pa(OH)^CI, formed front the same cation The latter neutral species having 
moie hydroxyl groups cannot be expected to be extracted into diluted TBP 

As has been stated eailicr, in paper electrophoresis most of the protactinium 
(~7() per cent) is found to remain in the neutral zone Part of this may be neutral 
species An alternative reason for immobility is the hydrolytic polymerization of 
protactinium on contact with the paper ®'*'*Pa is completely extractable from the stock 
solution into TBP (free from DBP) indicating that if polymer formation takes place 
It occurs only on contact with the paper * ft is possible to gam an insight into the 
nature of the ionic species by examining the changing anion to cation ratios in Fig 3 
(Strip No 1 on cither side of the central line is regarded as the neutral zone, the 
remaining being cationic or anionic) 

A general case of conversion of a cation into an anion by the removal of hydroxyl 
groups and addition of chloride ions can be represented by 

[Pa(OH)„(CI),„r' " > vH' ' vCl 

[Pa(OH)„ ,(CI)„, <-"'>1 ' xH,0 

This has been venhed by absorbing a known amount of -'''’Pa on a paper strip and determining 
the fraction of protactinium extractable at the end of 1 hr A major fraction (~70 per cent) remained 
inextractable 

G A WLiriJ, Watuif. Lone! 172,458 (195')) 

K A KRAVi, The Pnxeediiii^i of ihe International Conference on the Peaceful U':e'! of Aloirin Lneri^y 

Geneva 1955, Vol 7 p 245 United Nations (1956) 

'■»' V A Mikhailov, Chem 7?er , 29 (7), 419 (1960) 



The chemistry of protactinium - I 


61 


30 

£0 



I 

30! 


£0 

X 


10 [ 

0 |- 

I 

30 f - 



30 

£0 


X 


10 “ 


0 ‘ 
-10 



hK. 1 — Histograms of ”’Pa in HCl solutions 


The equilibrium constant is given by 

(Anion) 

(Cation) (H i )^ (Cl”)*' 

Assuming the anion to cation ratio obtained in electrophoresis studies tober/ Tquation 
(2) reduces in HCl solutions to, 


or 


r , ? 

(HCl)^^*' 

log ^ = ( V q 1 ’) log (HCl) 4 - log K 


(3> 

(4) 
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I i(. 4 Varialion ol -"Pa anions, 'cations ratio with the activity ol HCl 


The plot of log r/ against log a j„ I in the present studies is shown in Fig 4 Since 
this IS a smooth curve, it is evident that more than one cation to anion conversion is 
involved The maximum slope of this curve is found to be six If the cations of pro- 
tactinium are unipositive and the anions unmegative, only even number values of 
slopes, viz , 2 4 . and 6 , are meaningful Some of the possible conversions with these 
values of slope are 

(a) Pa(OH)jCI’ to Pa(OH),^Cl4 or Pa(OH)Clr, 

(b) Pa(OH),CI,‘ to PalOHljCli or PafOHIClj or PaCI„ 

(c) Pa^OHjCl^' to Pa(OH)Clr, or PaClfP 

Thus one can explain the results of solvent extraction and electrophoresis studies 
by assuming a number of species of protactinium in aqueous HCl solutions 

Besides the species of protactinium postulated by Casty and Maddock*^*. viz 
Pa(OH)CI,+, Pa(OH)^CI„ PafOH)Cl4, PafOH)2Cl4 , Pa(OH)Cl5 and PaCl^ two 
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ter species have to be postulated to fully account for the results of paper electro- 
toresis These cart be formulated as Pa(OH) 3 Cr and Pa(OH) 2 Cl 2 ’ 


' V 2 Ejfe(t ofcomplexing agents in solvent extraction and paper electrophoresis of^?i 

The effects of the addition of hydrofluoric, phosphoric and citric acids in the extrac- 
tion of ^'’'Pa from 3 5 M HCI solutions into 25"„ TBP in benzene, are illustrated in 
!iFtg 5 In these graphs, the ratio of the distribution coeffiuents in the presence and 
V.^absence ofcomplexing agents, is plotted against the molarity of the complexing agents 
'IfThe fluoride ion has a very marked depressing effect on the extraction of ^Pa as 
compaied to the phosphate 

The effects of the addition of hydrofluoric acid and citric acid on the migration 0 / 
^ ifi paper electrophoresis experiments are shown in Fig 6 Compared to the 

$ control sample of -=>'*Pa 111 3 5 M HCI the addition of HP has produced a remarkable 
change m the histogram -"Pa species in the neutral zone are reduced from 70 to 10 
percent (in a 25 mm run) and then eventually disappear in longer runs On the whole, 

4 the mobility of -"Pa increases considerably and a clear cationic peak is observed 
i Roughly equal amounts of activity appears as cations and anions 
'( Thus the changes in the behaviour of -"Pa on addition of HF are remarkable both 
in solvent extraction and electrophoresis These results undoubtedly indicate the 
Ibimation of strong complexes, both cationic and anionic at the expense of the neutral 
' species This may be the reason for the suppression of the extraction of -"Pa into 25 "u 
/' jpp These complexes may be of the general type [Pa(OH)„ F,CI„]' To a 

^ limited extent, the behaviour of "^Pa in the presence of phosphate is also similar The 
. tendency of protactinium towards hydrolytic polymerization on contact with paper, is 
4* completely suppressed by HF This is probably the result of the substitution of the 
A bridge-forming OH groups by fluoride 

\ As seen from big 5, the behaviour of -*'*Pa in the presence of citric acid is different 
’^1 from that of fluoiide and phosphate The results arc similar to those obtained by 
;,| CASrv and VJaudoc is*-* using oxalic acid At very low concentration of citric acid 
(0 005 M), there is an increase in the extraction This is followed by a gradual decrease 
with increasing concentration of citric acid Similar experiments with tartaric and 
lactic acids m the aqueous phase did not show any variation m the distribution 
Loeflhicnls up to a concentration of 0 04 M of these acids 
I'i In papci electrophoresis studies, when citnc acid is used as the complexing agent 
incieased mobility of protactinium is once again observed (big 6) The changes in 
;>■ the percentage distribution of ^**’Pa in cationic neutral and anionic forms in the 
presence of citiic acid are given in Table I 


if 


Tabcf I 





Perccntdcc ol 

-”Pa in 

ihe lorm of 


tlettrolylc 

Cdlions 

Neutral 

Anions 

I 3 5 M 

HCI 


2«0 

(18 0 

40 

2 3 5 M 

iin 

0 005 C'llric acid 

16 0 

50 0 

34 0 

3 3 S M 

HO 

0 1 M Citric acid 

170 

76 0 

7 0 


The effects of citric acid arc thus more complex as compared to those of the in- 
organic ions A possible explanation of the behaviour of -"Pa m HCl-Citric acid 
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STRIP NUMBERS 

fKi b 1 heel ot eomplcxin" agents on the miuration of -“Pa 


mivtures depends upon the lormation of different complexes In tlie presence of 0 (X)5 
M citric acid, a 30 per cent increase in the anions is obserxed This max be due to the 
prcxention of hydrolytic polymerization by ettne acid resulting in the formation of 
mobile anionic 'pecies (e g Pa(Ho cit)Ci, ) Hoxxcxcr. as seen from Table 1. the de- 
crease m the percentage of the species m neutral zone is only 18 instead of 30 per cent 
This may be due to the conversion of 12 per cent of the cations to the neutral species 
haxing one citrate group (eg Pa(OH)(H^ cit)Ch) The formation of such neutral 
species will also account for the initial increase in extraction Further addition of 
citric acid (0 1 M) sharply reduces the extraction and mobility of protactinium due tex 
the formation of complexes containing two or more molecules of citric acid xxhich 
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being, heavy are much less 
in charaetcr 


mobile and less cMraeVablc ae they are more hydrophilhc 


2 -3 F\trai tioii of -‘■'Pa h\ i tJn J m I'lotut tnii’ 

Lthyi aectoaectatc has been found lo be a good eMiacting age’nt However, the 
reproducibiliiy o( the rneasuiemcnts was low The eoncentidtion of hydrochloric acid 
was inaintamcd at 6 0 M and 2 and 25 per eent cthylacctoacctate in benzene were tried 
This average disti ibulion latios wore lound to be 0 032 and 0 6 respectively However, 
the ratio for the cMiaelion of ’“Pa into undiluted solvent was 8 0 
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THE REACTION OF ZIRCONIUM HALIDES WITH 
SOLUTIONS OF POTASSIUM AND POTASSIUM 

U AMIDE IN LIQUID AMMONIA 

''' M Alluutt and G W A Fowifs 

i,j C'hetnislry Depdrlmenl, Univcrs/ly of Soulhamplon 

c 

f (Rc'ccnecl April \962, m iciiseil joim 22 Junt 1962) 

' Abstract- Condtii.tioiTiclric lilrjtions have shown that the rcdclion of zirconiumtl V) bromide with 

! polassmm diiiide in liquid dinmonia corresponds to a final molar ratio ZrBr, KNHj 10 60 
Three products have been characleri/cd, 7irconium imidc Zr(NH). mono-polassium ammoiio- 
zirctinatc, Zi(NH)(NK), and di-potassium amnionozirconale. Zr(NK)j2NH, In the reaction of 
7irconium(IV) bromide with potassium solutions the end point occurred at a molar ratio ZrBr, K 
1 0 4 5 For the reaction of zirconiumdll) bromide with potassium amide a molar ratio ZrBr, 
KNH. I 0 1 5 was found An intermediate product containing zirconium in the average oxidation 
slate of 3 5 IS proposed 


WHfN 7 irconium(IV) chloride reacts with liquid ammonia an ammonobasic /irco- 
imim(l V) chloride is precipitated, although a small amount of a soluble zirconium com- 
pound is also formed Thus Fowlfs and Draki'" found that the insoluble product 
(after six washes with liquid ammonia at 35 C) had a composition corresponding 
to Zr Cl N 1 00 2 90 6 04, indicating that only one /irconium-chloriiie bond was 
ammonolysed, some 7 per cent of the zirconium was found in the collected hltrates 
but this increased to 33 per cent when the insoluble product was heated in laciio to 
100 C between washes, the insoluble material then having the composition Zr Cl N 
I 00 2 54 5 OH It was conjectured that the presence of soluble zirconium species 
resulted from complex foimation by ammonium chloride liberated in the primary 
ainmonolysis, c g 

ZrCU yNH, vZrCI,(NH,) \NH, NHjCl (1) 


ZrCl,(NH,).\NH, 2NH,C1 ► (NH ,),lZrCl ,tNH ,)] (2) 

t The dat.i wcie, however, insufficient to indicate the nature or extent of this complex 
^ formation 

t f lom the analogous ammonolysis of zirconium(l V) bromide at room temperature 
|Bowir\iann and btRM Lie s'-’ obtained an insoluble product with Zr Br N 
I 1 00 2 33 5 82, addition of a solution of potassium gave a black precipitate and a red 
£ solution Young*'*’ had earlier repotted a similar obseixation and noted that the 
I precipitate became while with excess of potassium 

I The initwl black precipitate was suspected to contain lowcr-xaient zirconium. 
|th(7ugh this was not proved Addition of amide ion caused replacement of bromine 
I'.wilh eventual formation of dipotassium ammonozireonate Zr(NK)_, 2NHj however 
i intermediate products representing partial replacement could not be isolated in a pure 
Bform 

►1 The titration techniques developed by Wait and co-workers'^’ seemed applicable 
this system, since it was observed that the amide catalysis which occurs when 

(i W A FowiisaiHl J L Draki.T /.cvv Common \telah. 2, 401 II9()0) 
g” F W Bow'irman anU W C tnvNiciusT Ama Chew Soi 61, 12t 11939) 

P’ R C Y()UN(, J Anur Chem 'h/c 57. 1195(1935) 

G W Wait and C W Kmnan, y Amei Chem So( 71, 3R33 (1949) 
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solutions ol alkali metals react with halides of nickel'^’ and iron"’> does not take place 
w ith /irconium 

We have accordingly developed conductiomctnc procedures and used them to 
titrate the ammonolysis products with solutions of potassium and of potassium amide. 

hXPL RlMtN TAL 

Thoueh W'vTi s appaiaUis had the merit ol \ersatility its inlncacy and use ot liquid ammonia as 
a iclngciant were eonsidcicd too hazardous lor regular manipulations Design was governed mainly 
by the need loi an esaeuable system to allow ammonia to be distilled and anhydrous conditions 
maintained toeethci with pros ision loi a petsiliec gas pressure to force solutions from the burette into 
the titration sell 1 his was aeliievcd by eonneetmg the heads ot buiette and titration vessel to a twin- 
manilokl system (el tig I) 



hK. I I Illation apparatus 


One manilold lead to a \acuum and nicreiirv dillusion pump, and through it dry ammonia was 
distilled into the appaiatus the other supplied dry oxygcn-fiee nitrogen at a piessure slightly above 
alrnosphcrie The cell and burette were immcised in .in acclone Drikold bath ( 40 to 50 C) and 

contained in a wide-necked unsiheied Dewar to a depth such that the band of the stopcock was about 
half submerged Levels of solution in buielte and titration cell were maintained below the level ol 
acetone 

Increments of solution were run Irom the burette by applying prcssuie Irom the nitrogen manifold 
to the head ot the burette with the titration cell vented to the atmosphere through a drying tower At 
the same lime the titrated solution was stirred by Hushing nilrogen through the inlet tube passing to 
the bottom ol the titration cell Bright platinum electrodes, positioned by altachmcnt to this lube, 
had connecting leads passing to the exterior through metal-glass seals in the head ol the tilialion cell 
and enabled the conductivity to be continuously measured 

Ptcpwulion of solutions of alkali metals am! potassiam amide 

By means of modihed version of the procedure described by I^ostkovskv and I i i vv 1 1 i vn'"', the 
alkali metals (sodium and potassium) were purihed and stored m narrow glass tubes As required, 
short segments were cut from the middle ol the tubes, weighed and translerred to the burette 
negligible oxidation occurred A known weight of the /ireonium halide was then added to the titration 
vessel against a counter-current of nitrogen, and anhydtous ammonia was distiiletl into both (he 
burette and titration vessel and the resulting solutions equilibrated with the cold bath During the 

'''G W Waii,W F Ropfr and S G Parkfr, 7 Anict C hem Sac 73, 5791 (1951) 

G W WAiiand W A Ji nkins. 7 Amei Client Sat 73,5275 (1951) 

'■’I PosTROtsKV and D R LLiwriiYN.7 Sot Chem huhisir 68,202(1949) 
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subsequent titration, the temperature of the acetone was maintained to C by periodic additions 
rtf cm ill Quantities of crushed Drikold 

When a solution of potassium amide was required, a short length of partly-rusted iron wire was 
also placed in the burette, and this caused complete conversion of the potassium solution in about 

2 hr at - 40 C 


hokmon and amiiysi'i of produits 

Products formed in the various titrations were isolated by means of a suitable vacuum filtration 
Zirconium halogen and nitrogen were determined as described previously Sodium and potassium 
wcit estimated as normal anhydrous sulphates by addition of sulphuric acid to the filtrate from 
the /iieonium determination and evaporation to dryness, the residues were ignited at 500 C with 
ammonium eaibonate 

R rSULTS 


! Reiutum of Alkali Metal Solutions with Zircoiuum(\\) Halulcs 


(0 Loluliictiometiu titration'; 

Titrations were carried out using freshly-formed suspensions of the ammonolysis 
products, since separated animonobasic zirconium(IV) halides appeared to react only 



K or KNH,/ZrB.4 

f'lo 2 -Rcaetion of Zrltrj with (a) K and (b) KNH, 


slowly and incompletely Similar conductance changes were observed for /ire'onium 
(IV) chloride and bromide vsith cither potassium or sodium metal solutions Fig 2(a) 
shows a typical plot obtained by the titration of the bromide with potassium, the 
capitals A, B, C, etc refer to the visual appearance of the contents of the titration 
vessel 

F ig 2(a) shows that the titration proceeds m two stages The initial reaction of 
potassium should be with the ions, but the immediate appearance of a brown 

colour indicates that the soluble zirconium species is also involved 

The second stage involves reaction with tlie insoluble animonobasic zirconium(l\ ) 
bromide, since this disappears and is progressively replaced by the brown precipitate 

'"'ft W A bowLtsandF H Pollard, Z Chem Soi 2S88(l95t) 
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45 

1 (K) I 61 

1 (K) 4 SS 


(ii) Jsalalion of piocliuis 

Reacljons were earned out using various ratios of icaelanls 

(a) L'^inp less than foui equn cileiUs of K flii. blaek gianular precipitate was 
filtered, washed thoroughly with liquid ammonia at 2‘' , and then warmed in iiuito 
to 40 C for I hr, when it became grey in colour The soluble product was a hetero- 
genous mixture of white and red-brown solids Both products were diamagnetic, and 
titration with eenc sulphate solution showed the zirconium to be m the quadrivalent 
state, e g valence states of 3 94 and 3 95 were found 

(b) Usm^ between 4 and 4 5 equn client of Na A colourless solution w'as formed 
together with the usual black solid, the latter became pale yellow in icuiio at room 
temperature [Found (for product formed with 4 5 equivalents) Zr, 70 2, Cl, 2 6 
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4 TABLt 1 — Analytical data for ZrBrt-K/NHi rial thins 



Expcnmenl 


Zr Br 
C‘ 

N 

K 

Zr Br Nl K 


1 Insoluble 
product 

6"! 9 

13 6 

20 0 

— 

) 00 0 24 2 04 


2 Insoluble 
product 

SO 5 

27 8 

182 


1 tX> 0 61 2 14 


Soluble 

product 

7 4 

614 

S 4 

21 1 

1 02 9 8 4 7 7 1 


N 21 2, Nil, 5 T’o, corresponding to Zr Cl N Na I 00 0 10 I 96 0 41] The 
hitiates contained only sodjum chloride 

(c) Vsmg exTCSs ( 4 5 eqiinalenn of Na or K The only products isolated from 

the reactions were diamagnetic and pale yellow The isolation procedure (pumping 
at room temperature) evidently resulted m the formation of amide which interacted 
I'uither w'lth the zirconium product Such amide formation did not take place m the 
titiation, however, since the blue colour persisted and the conductance remained 
steady after the second end-point 

Since sodium amide is almost insoluble in ammonia its presence could be con- 
(ii meci by analysis eg Zr,.199, N,25 9. Na 32 4"„ , corresponding to Zr N Na 
1 00 3 OX 3 22 and Zr, 26 4, N. 32 3, Na. 36 6",, corresponding to Zr N Na 
1 00 7 96 5 69 

The analogous reaction of /iiconiumt IV) biomide with potassium gave a pale 
yellow product whose composition corresponded approvimately to the mono- 
pot.issium salt (Tound Zr. 3|8, N 176. K 28 0",, corresponding to Zr N K 
i 00 2 21 1 26) 

2 Reaction of Polassniin ■imicle Solutions with ZinoniumiW ) Biomide 
(i) C oihliH tioineli u tiliafions 

I lie conductance plot given m fig 2ib>. shows two mam endpoints the second of 
which IS rather poorly defined and chai actcrizcd by a multiplicitv of inflcvion points 
two downward and one upward The first stage again invcilves the soluble zirconium 
species, since a white flocculent piecipitatc appears immediatclv upon addition o) 
lamide, and the final inflection point corresptmds to the fcmmation of dipotassium 
^ammonozirconatc, Zr(NK)j \NH, 

; The slow decrease m conductance observed on addition of eveess of potassium 
Amide must arise because the dilution etlcct is greater than the contribution of the 
iftmide to the conductance 

|[ii) Isolation of pi oduc ts 

I A solution of potassium amide was added to a suspension of tlic ammonoWsis 
Products formed by /irconium(l V) bromide, and after agitation the products were 
pltcred, washed six times with ammonia, and finally pumped under vacuo for hr 

It .30° 
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M Allium and G W A Fowlis 


3 Read ions of Znconiimi{[\]) Bromide' 

ZirtoiiiiMn(IIl) biomidc was picparcd in small amounts by the reduction of 
/iiconRim(lV) bromide with hydrogen m a glow discharge (Found Zr, 27 8, Br, 
72 6, /i, 0 7 B M Calc foi ZrBr, Zr, 27 5 Br. 72 5",,) Largei quantities were 
obtained by cairymg out the reduction with aluminium in a sealed tube at 380"C 

(i) /lu// \w//i KNFF 

Zirconiiim(lll) biomide reacted with liquid ammonia to give a dark brown pre- 
cipitate and a biown solution The changes in conductance observed upon the addition 
of potassium amide are shown in Fig 3(b') A blue colour formed locally in the first 
stages of the leaction but disappeared when dispersed throughout the body of the 
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K or KNHj/ZtBr , 

Fk. t Reaction of Zi Br, wilh (a) KNHj and (b) K 

solution, causing formation ot an additional flocculent brown precipitate Near the 
maximum point, the blue colour persisted throughout the solution and remained when 
excess of amide was added By this stage the precipitate was black and granular 
This black precipitate was filtered and washed with ammonia, but on pumping 
for 30 min at 40 C the product became grey in colour It was diamagnetic tind did not 
decolourize potassium permanganate (Found Zr,4l9, N,20 9, K, 30 2" corre- 
sponding to Zr N K ^ 1 00 3 25 1 69) The presence of potassium in the soluble 
portion was conhrmed by the vigorous evolution of hydrogen that took place upon the 
addition of ethanol 

(ii) Rea<tion with K 

The conductance plot obtained from a typical experiment is shown m Fig 3(a) 
The steady rise m conductance took place concurrently with the discharge of the blue 
colour and the formation of a dark brown precipitate After the addition of approxi- 
mately two equivalents of potassium, the blue colour seemed to persist, only to fade 

1 F HtWMANN and J A Watts, / Amer Chem Soi 82, 2113 (1960) 
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again after several minutes, at the same time, gas bubbles were formed and the 
conductance decreased gradually with time Evidently amide formation was taking 
place and this observed the precise endpoint With a large excess of potassium, the 
blue colour persisted and the conductivity remained constant 

DISCUSSION 

Studies of the hydrolysis of zircomumfl V) halides in acid solutions have shown 
that soluble zirconium species are present as polymers whose complexity depends on 
the pH of the solution Corresponding experiments have not been made in liquid 
dinmonia because of the difficulty of applying the appropriate techniques, e g spectro- 
pholometry*'*'’ and measurement of diffusion coefficient,'”' but nevertheless since 
polymerization increases with pH m aqueous solutions, then the zirconium species 
lormed in liquid ammonia — a more basic solvent — must also be polymerized Further- 
more, the imide Zr(NH)j must be polymerized unless the zirconium atoms have a 
co-ordination number of two By analogy with ZrO^, the imide probably has a 
three-dimensional structure with Zr NH Zr bridges, the lone pair of electrons on the 
nitrogen atoms is likely to be donated to near-by zirconium atoms, thus increasing the 
device of polymci ization and making the hydrogen atom acidic in character The 
experimental lesults may be integrated on the basis of such polymeric models 

(a) 4<ui haw iect(lion<! with polci'isium amide 

I he addition of amide ion first removes any ammonium ions in solution and then 
displaces bromine atoms from the indixidual zirconium units of the ammonobasic 
/iiconium(IV) bromide polymer 

ZrHrjNH, ' NH, ' ► [Zi Br^CNHO,! - 

ZrBr,(NH_,)^ ^ Br ► ► Zr(NH,), — Zr(NH)., - 2NH, 

A gradu.il rise in conductance is observed dining this stage (cf Fig 2) 

The acidic nature of the hydrogen atoms m zircc»nium(lV) imide results in the 
formaiion of potassium dciivalives The mono-potassiurn dcnvatixe forms first of 
all, and the conductance of the solution falls accordingly The conductance increases 
again as the di-potassiurn derivative begins to form, showing that additional ionic 
species arc being formed, moreover, at least two additional molecules of ammonia 
are co-oidinatcd to zirconium m the di-potassium ammonozirconate These obser- 
vaiions suggest that the polymci ic structuie is largely broken down by an excess of 
potassium amide, with the formation of ionic species 

Zr(NH)(NK)~— =- 1 - Zr(NK),2NH, 

K_.[Zr(NHF(NH,),] ^ K,[Zr(NH,)J 

(h) 0\idafi<>n -lediiition reactions with alkali metals 

Although the reactions of ziiconiumfl V) halides with alkali metals resemble those 
wnh the amides, in that all four halogen atoms arc displaced they differ m th.it the 
linal endpoint ciccurs at a lower molar ratio (the values being 4 and b rcspectivclv) 

A J /iiiiN.ind R I CoLiNick J Anict Clwiii Sen 78, S78S ( 19S(>) 

' ’ U A VVii iiams-Wynn J riix , Clwiii 63,2065 (1959) 

W B Biuminihal Imlinir /./ic"." 46,528 (1954) 
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, „ , .h the ituulc I^ loimed in both reactions, s. 

A possible cvplan.mou 1' > ■ i css ol alkali metal Since the U. 

reduction ol /irsomunt ibi.n i IcsslikiK to uiulcifio an amphoteric rcaei, 

valent /irconmm o 'y,, potass, nm amide, on the other h., 

llK reaction . j’;' t, ,he hbc.at.on ol potass, 

^^jves a product wiu-s i ^ ^ .,.,,,„(i.d ol /.(coiihimXIII) I' rnoic ncpiive ii 

metdl //iJjcJlc's !lul the lei ik io. , ' ‘ „„,|Un|o,m;iif///) hro/mderepon. 

thato/'polass,imi(c/ ihc ^imiLiricui^ /,rcon(um(/V) m liqun 

bv Birosiri.m'"! Moicovcr the j ‘ pun lor potassium “• 

ammonia shows no , eduction step a ^ i c re.ietions an averauc 

\ consistent pattern decclops i eve . s poUmeiic nature of the 

nutlcophilK .ill.uk ol an animoni.ilcd elution on .i /( N heme 


NH 


NH 


NH 


NH 


NH NH NH_ NH 

e(NHi) NH, 

riie alternaling sequence ol Zi(lV) and Zi(lll) stales would account for the intense 
black colour ol the piocluct 

A directlv .inalouous compound would lesult from the ovidalion ol the product ol 
the 7iieonuim(lll) bi omide-potassium amide re.iclion 

NH NH NH, NH NH 

> 

Zr Zr Zt Zr Zr Zr 


NH, NH, NH NH, 

e(NH,) 

We should expect one potassium atom to be taken up by every other zirconium atom 

Ukni)\\lccli(i'ini.ni — We much appreciate the support "wcii this woi k by the Oeparlment of Scientific 
and Industrial Rcscaich thioui^h a special research grant 

h W BrRC.siROM / '1/iici Clu III Sik 47,2117(1925) 
o" Cl W A tow CCS and M Ai i hi ti, L'npublishcd observ.ilions ( 1 961 ) 
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A LOW TEMPERATURE SYNTHESIS FOR 
POWDER-FORM INTERMETALLICS AND 
OTHER COMPOUNDS— II 

SELENIDES 


S M Kulhay 

Rcscaich and P nginccring Division, Monsanto Chemii.al Co , Si Louis, 

Missouri 


' ( Kccen fit ^ Mui 1962, /n in iwcJ furn? June ]962) 

Abstract The v,oik ptcMOUsly reported by KiJurAV has been extended lo include selenides of nhich 
nine have been prepared including Cube p’Ag.be. CdSc, Tbbe TISe, HgSe, NiSc Cu, ^Se (where 
X'^0 2) and CuAgSc As was the ease wi(h"in(er/nelj//ies anUmon/des, arsenides and tcllurides 
the se/enide synihe'sis is qiianliladve simple and rapid, and uses a tcniperalure of only 100 C at 
atniospheiie pressure Jt eonsisls of the reduelion of mixed aqueous so/ulions eonlaming the elements 
in Ihe sloicheuimetrie ratio eallcd for m the prodiiel, by addition lo aqueous ammoniacal hydrarine 
*' solutions Two copper selenidcs can be prepared by xarying the elemental proponions 


f 


Till writei developed'^’ a general method for the synthesis of intermelalhcs anli- 
monidos, arsenides and tclluiidcs, and it was desired to determine the evlent to which 
the method would apply further, specifically with selenidcs 

Bi N/iNG (•/ a ! have published woik, m which of all selemdes prepared but one 
they lirst isolated the solid metal selenite before reducing with hvdra/ine In pre- 
paiing zinc and cadmium selemdes, they formed first a hydrazinometal selenide com- 
plc\ which w'as then decomposed with acetic acid before obtaining the normal selenide 
The cuirent work extends previous work to the preparation of selenidcs of silver, 
thallium, nickel and the ternary CuAgSe, in addition to PbSe CdSe CuSe Cu, .^Se 
(wheie V — 0 2), and HgSe, and piovidcs a simpler method by bypassing the inter- 
mediate steps 

t XPf Rl Ml NTAL AND RI SULTS 

l/ifuiiuiiis and piixcdiin Separate solutions (A) and (B) ol ihc siarling metals or eompounds 
indis,itcj in table I were piepared in covered 150ml bcakcis These solutions were then poured 
logcllicr rinsing to complete the iransler This mixture was swirled well resulting in a clear homo- 
geneous solution ol the two metal ions m the exact stoicheiometric ratiei desired The re'dueing solution 
indicated was made up in a covered I I beaker and healed to boiling Just as the boiling temperature 
was rc.iehcd the metals solution was added carefully in a hne stream with constant stirnngandrinsme 
file lediietion was immediate, and vigourous in the case ol the Cu and Hg compounds where much 
gas was evolved The reduction beaker was covered and the contents boiled I 5 hr, except where 
olheiwisc indicated in Table 1, rinsing down ixcasionally .mv prccipilatc which accumulated abevve 
the liquid This was then suction-hltcred through an oven-dned tared sintered-glass hltering crucible 
It was washed well, then drained by suction This was rinsed with methanol and air-dried at 70 C to 
constant weight The pioducls arc susceptible to oxidation at higher temperatures 

Maicnub All raw materials were B and A Reagent quality or equivalent Where He clement was 
used Its UNO, solution was heated alter solution was complete to insure oxidation lo Hg (ll) This 
would lessen hydrolytic precipitation at the stage where the metals solutions were rinsed together 
piioi to adding to the reducing solution Equivalent amounts of HgO may be used instead ol He 
tor Ldse — * . . I. . 


in weighing, and to eliminate Ihc abewe extra heating 


I'l S M Kciitx\,y Amei them Sol 83.4916 19(1%!) 

' Binzinc, J B Conn, J V MAi.tr and E J StlttHAN, J Aniei Chem Soc 80, 26^7 S9 
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Compound 
and loriiuil \ 


!»' 

M" 


1 ,'l 


' ^ ^ iild am) \-r«v dilTnuiion .if.- 


Selcniik'^ 

Cuprk ^dcnidc 

(kkxknunnitil 

CuSc 


/ / 

UNO, lii' 

0 i, S(. in 
n ,nl : 'l 


' \ II 'Ik 

,in.i . II i> 'k/ ’I 
\ii on 


‘i‘f t> Xi'itcil tjiiiU well \vi[(i \s I 
Jill l,'f ( "Ilk no ol/itr ikitv 
.! il.’iJii. pri'.cnt 


IS, N II, :in I 
;so ml U O '<> ml 
Ml. Oil 

hi It) nil \H,OH 
Ih) t) 7iSi)6 i; Sc 111 
') nil 2 I UNO, 

IcillouccI bv I ml 
NH,()II 


\a in r S Dll 

no lollowLil 


slice! sc ic n [cic 
I n iciiii innilc ) 
\p.Sc 


Cadmium 

selenidc 

CdSc 


Lead selenidc 

(elausthalite) 

Pbse 


Thallium sclenide 
TISt 


Mereune 

selenide 

(tiemannite) 

HgSe 


Nickel selenidc 
NiSc 


(M 1 7242 g 
CdCOj in (i ml 
1 1 UNO, (B) 
0 7846 n Se in 
4 ml 2 "l UNO, 


( \) 2 2721 g 
I’bO in 1 5 ml 
1 2 HNOi (B) 
0 78% g Se 111 
0 ml 2 1 UNO, 


(A) 2 714! g Tl 
m 2‘i ml 1 4 
HNO, (B) 

0 8940 g Se m 
9 ml 2 I UNO, 


(A) 2 066 g Hg 
in 10 ml licit I 1 
HNOj (B) 

0 814 g Sc III 9 
ml 2 r HNO, 


“ig N_H,2HCI 
UK) ml HO 70 ml 
NH,()H 


7 g tartaric acid 
17''g N.H, 2HCI 
170'ml H.O 30 ml 
NH,OH 


1 5 g tartaric acid 
15 g N_Hj 21 Id 
1 50 ml H ,0 65 ml 
NHjOH ' 


15gN,H.2Hd 
ISO ml H.O 50 ml 
NH,OH 


c,n s ^ 1 lie c'lili 

Vk JS ' 

sMt’fli, J"* 


dcUctahlc cisslalliiii 
\c’.Sc, iihicfl g.llt j 


(A) 0 5902 g Ni 
m 4 ml I I 
HNO, (B) 

0 7970 g Se m 
4 5 ml 2 I HNO, 


-‘’g N.H, 2MCI I g 
tartaric acid 100 
ml H.O 75 ml 
NH.OHt 


100 NiSe was the only detectable 

crystalline component The crystallite 
size was extremely small in the lange ol 
a few hunched angstroms 


99 8'’,, The ma|or reflexions could be 
indexed as a FX'C structure with ~ 
6 07 A 111 agreement with Hansin"’ lor 
cubic CdSe I he crystallite si/e was very 
small and there were no detectable free 
elements 

UK) 7",. The only detectable crystalline 
component was BbSc, giving a very strong 
pattern The pattern was identified by 
comparison to PbSe data in NBS Circ 
5-79, Vol V. p -78 (1955) 

95 9" ' The sample gave a strong pattern, 
body centred tetragonal, with ija 0 87, 
which conipaicd lasoiirably with Piar- 
soNs"' value of 0 877 lor flSc Free 
elements or TIC I were not observed 

98 7",, HgSe was the only detectable 
crystalline matter present T he crystallite 
size was cjuitc small ( 0 1 n') 


J V Smith, Index to the X-rox Powder Data Pde 4S1 M, Philadelphia, Penna (1959) 

M Hanstm Conxiiintion of Bmat v Alloyi McGraw-Hill, New York (1958) 

W B PhARSON A Hundhook of Lattice Spat inf;s and Structures of Metals and Alloys Pcrgamoi 
Press, New York ( 1 958) 




A low temperature synthesis for mtcrmetallics and other compounds 
Table 1 (continued) 


77 


, . compound 

s “I'^lind formula 




er selenide 
'«Aere A ~ 0 2 


Copper silver 
selenide 
(eucairite) 
CuAgSe 


g A and B in 
ml solvent 


(A) 1 1437 g Cu 
in 8 ml 1 1 
HNO, (B) 

0 7896 g Sc in 

6 ml 2 1 HNOa 

(A) 0 6354 gCu 
in 6 ml 1 1 
HNO, (B) 

7 6989 g AgNOj 
in 10 ml HsO, 
then 20 ml NH, 
OH (C) 0 7896g 
Sc in 6 nil 2 I 
HNO, 


Composition of 
reducing solution 


5 gN,H.2HCl 
125 ml HjO 50 ml 
NH,OH 


lOgNiH, 2Ha 
150 ml H,O40ml 
NH,OH 


Yield and X-ray diffraction analysis 


101 4"„ The only component observed 
was Cu 2 ,,Se, where \ — 0 2 No free 
elements were detected 


100 2% The major lines ol the sample 
could be indexed simple tetragonal, with 
c/u I 543, in agreement wilh data in 
Structure Reports tor eucairite 


* The Hg and Sc solutions were mixed, without using rinse water, bv pouring back and forth to 
avoid hydrolysis Some of the hot reducing liquor was used to rinse the beakers after the addition, 
and was followed by the water rinses 

I Nil, OH additions of 17 ml each were made at 15, 30 45, 75 and 105 min from start of boiling in 
,thc NiSe preparation Ho pievcnt hydrolysis of unreaticd Ni salts due to loss of NHp The boiling 
period was for 2 5 h-" instead of the usual 1 5 hr 

In some cases, the component elements could be dissolved together in the same beaker, but usually 
faster solution was obtained m >cparale beakers 

Where dilute acids or bases were used, as in 2 1 HNO, the volume of active component is given 
first, and that of H,0 second 

7 tpeiimcnis X-ray powder patterns were obtained using a General tiectric XRD-3 Diffractom- 
ctci equipped with CuA„ ladialion tillered through nickef foil (/ 1 5418 A) The instrument 

Sellings were X-ray lube current, 15 mAp, X-r,ty tube potential 50 kV defining slit 1 Seller slit, 
wide detector slit, 0 2 , largct-lo-beam angle, 4 , scanning rate 2 /min recorder range, 2 time 
constant, B, and recoider chart speed, 0 4 in / min 

DISCUSSION 

it was considered important to add the mixed metals solution to the reducing 
agent, lather than in the reverse sec|uence, to avoid contamination of the desired 
pioduct with possible insoluble hydrolysis products 

I3in/in{j</ a ! ventured that, since selenium is soluble to some extent in hvdiazine 
the lollowing reaction takes place 

6N.H, ; 3H,0 [ (2^ J I )Sc 2Sc/ ScO/ 

In this case, the Se^^ would pre,sumably react with the metal ion or free metal, if 
already reduced, to form the mclal selenide The SeO," would be reduced to free Se 
to make the reaction go to the right The formation of an intermediate soluble 
velenide ion with hydrazine seems to be reasonable, since one can prepare CdSe and 
llSe whereas Cd-' and Tl' alone are not reduced to the free metal bv hydrazine 
However, it is noteworthy that the vv liter has succeeded in pieparing Ag.Se and HgSe 
Using as a reducing agent acidified solutions of ammonium sulfite, and also Ag.Se 
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using ammoniacal dextiosc or hytlroxylaminc solutions, none of whitli contained any 
hydrazine Path of these was made in a mannei analogous to that described in Table 
1, obtained in 100 pei cent yields, and seiihed by X-ray dilfracTion analysis 
Further, the venter’s earlici publication"’ has shown that many types of compounds, 
including intei metalhcs antimonidcs arsenides and tellurides, can be made with this 
same general method sometimes in acidic H solutions, sometimes in alkaline 
hvdiazine It was suggested there th<it leaction appeals to take place between the 
reduced elements themselves while m an intimately mixed finely-divided and highly 
active state It would seem that this type of reaction predominates when acidic sulphite, 
JTPOj oi ammoniacal dextiosc is used in preparing selenides, and that it might 
ligLiie also when hvdia/iiic is usee', m competition with the inteimediatc soluble 
seicnidc icaction 

■U nil III rii.inks .lie esie'iuietl lo Me-.sis I tt Di( ki ss in picpaialions anel R hiRia.soN 

m X-ia\ elilliaetioii aii.ilvsis 
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1 STUDIES ON ARSENIC TETROXIDE— I 

\ THE INTERACTION Oh ARSENIC TRIOXIDE 

i AND ARSENIC PENTOXIDE 

I L H Long and J F Sacicman* 

J Depdrtment of Chemistry, University of Fxetcr 

5 

5 {Received 10 Noiemher 1961) 

' Abstract -Although mixtures ol the anhydrous trioxide and pcntoxidc of arsenic react chemically on 
! healing, contrary to statements in the literature il is not feasible to prepare even an approximately 
! pure sample of arsenic tclroxide by this method The reaction has been followed on the thermal 
■ balance al ^50, 400 and 410 C, and although the composition of the product \aried with the tempiera- 
* tine It was invariably grossly dehcicnt ol tnvalcnt arsenic This deticiency could not be remedied by 
using an excess ol arsenic trioxide and subliming off the excess, by reheating w ith further cjuanlities of 
, tiioxidc or by preheating in a sealed lube 

In the presence ol an adequate quantity of water however, almost pure arsenic tclroxide can be 
prepared Irom an cquimolecular mixture ol trioxide and pcntoxidc Sulhcient water to dissolve the 
‘ oxides at 100 110 C is required, and evaporation ol the solution first gives a hydrate 6AsT), 5H.O 
stable at 1 10 C On stronger healing the water is driven off to leave As..O,, stable at 400 C L sc of an 
excess of Irioxide is not iccommcnded, as the product prepared by this method can hold an excess of 
Ino'idc tenaciously, even al 400 C although it is slexwly given up al 500 C The separate chemical 
I identity of Asd )4 is conhrmed by X-ray studies It is probably incorrect to regard the compound as 
i arscnious arsenate As"'tAs'(),] 


Jt Tiiisi studies were originally undertaken in order to gam a clearer understanding 
1 concerning the naluie of the products of combustion of trimetlnlarsine.*^’ the heat of 
i»' tormation of which it was desired to determine When burnt in oxygen underpressure. 
'i this compound, like clcmentaiy arsenic, gives a mixture of oxides which analyses for 
^ tri- and pentavalent arsenic However, even if both As^Oj and As^O- are originally 
^ forntetl, it seemed likely th.it under the prevailing experimental conditions thev would 
^ inteiact to give As^O, the existence of which has been reported But since the tetroxide 
Shas not been veiy well chardctcri/ed and much of the data published concerning it 
fare inconsistent, a remvcstigation ol its preparation and some of its more important 
P propel lies, including its heat of formation became necessary 

lilts investigation falls naturally into three parts The present paper deals with 
I dllempts to piepare As^O, from As_,0, and AsXX Investigations of the products of 
I comhiistii’n of arsenic in a bomb under prcssuic will be reported m Pait II while the 
' results of thermochcmical studies on some of the prc'diicts dcseiibcd in the Inst two 
J- paits will be dcTericd to Part Hi 


Although As,0, IS cited by many standard textbooks in inorganic chemistrv no 
sysleniatic investigation of its properties lias been repotted and there arc onlv two 
accounts of its preparation In tlic fusl‘-’ of these Hransi claimed to have prepared 
the tclioxidc by heating mixtures of As-jO, and As^Or, in varving pioportions at 350 C 
In the second, G uiron and Mxnc.ili found that they could not rcpicat some of 
Hiriisi s work, but claimed to have prepared the tetrcixicie by heating As,0, with 
* I’resent address , A W R t , Aldcrmaston, Berks 

II! * •* Packman, riait\ raiada\ Soc 52 , 1201 (19S6) 

I' ’ H Hirbsi, Diss Bern 30, 16 (1894) 

I”' D Cjhiron and G Manc.ili, Cazzetta 65 , 1244 (1915) 
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arsenic acid nearly therefore, the state of knowledge concerning this compound 
was to be regarded as lar fiom satisfdctoiy 

In studying the ctTect of temperature, Hirbsi found that on heating an equi- 
niolcculai mixture of the trioxide and pentoxide of arsenic at .150 ’C no loss in weight 
occuiied, aithoLigh the trioxide alone is appreciably volatile at this temperature He 
attributed this behavioui to the formation of the tetroxide Hlrusi also stated that, 
at 350 C', mixtuies containing an excess of tiioxide or of pentoxide lost trioxide or 
oxygen icspectixciv until the latio of oxides was cquimolccular The last statement 
implies that aisc nic pentoxide is eoinertcd to the tetroxide on heating In contiast to 
this, fit iRiN and Rot iiirop assume''*' that the pentoxide is in simple equilibrium 
with the tiioxidc and oxygen without the interposition of the tetroxide Probably 
neither view is correct howcvci, as is indicated both by the present work and by that''" 
ot \\ 1 tot Mixe H who found the product ot decomposition of As.Oj at 800 1200^C to 
consist of an oxide cif feiimula 2As^(), As_,()- 

On the othci hand accoiding to CiiiiRON and MANcat t,'" the most stable oxide at 
400 C IS the tetroxide and this can be prcpaied by heating mixtuies of the tiioxide 
and aisenic acid (As^O./ilbO) m the theoretical ratio for several hours, when the 
ratio lemains constant at that coi lespondmg to the tetroxide The same product is 
also stated to be obtained on piolonged heating, at the same temperature, of a mixture 
of the same compounds but with an As{lll) As(V) ratio of two, the excess of trioxide 
presumably subliming off Above 400 C, according to these investigators, the tetrox- 
ide starts to decomptise and at 600 C only pentoxide remains (m stark contrast to 
HiRiisrs statement that the pentoxide is converted to the tetroxide) Ghiron and 
Mangiii claim lurther that X-iay studies show a delmite compound and conclude 
from comparison with similar investigations on arsenic phosphate (AsPO^) that 
arsenic tetroxide is aisenious aisenate As(Ili)As(V )0, 

The same investigators'" also reinvestigated the work of Hfrbst, and report that 
a compound identical w itli that prepared by their method results from heating an equi- 
molccular mixtuic of the trioxide and the pentoxide, and also from heating a mixture 
containing an excess of trioxide at 400-500 C until the excess sublimes away They 
were unable to prepare the same compound by heating the pentoxide A mixture ot 
AsjO, and As_,0- uH_,0 in the ratio 1 2 when heated at 400 C lor 8 hr had an As(lII) 
As(V') ratio of 0 56 A further 4 hr at 500 C reduced this ratio to 0 46, and Imally at 
600 C no As{III) remained It docs not, however, necessarily follow from this that the 
pentoxide is indefinitely stable at this temperature, since the more recent work ol 
GctKiN and Boulitrop'^' reveals that the dissociation pressure of the pentoxide is 
already 1 mm at 500 'C, although no oxygen was detectable below 450 ’C 

It can be seen that the results of the investigations by Hlrbsi and by Ghiron and 
Manx. II i are not completely in harmony, the most sigmheant point of difference being 
the failure by the latter authors to obtain complete conversion to the tetroxide of a 
mixture oiigmally containing an excess of pentoxide, as Hirbst claims to have done 
It IS also not clear whether Ghiron and ManCiILI support HrRBSi’s contention, that 
on heating a mixture containing an excess of trioxide to an appropriate temperatun 
only the excess sublimes They report the formation of the tetroxide on heating until 
the excess sublimed, but apparently did not continue heating beyond that point 

H Guirin and R Boulitrop, C R Acad Sci Pans 236, 83 (1953) 

(41 E WiiDiNBACH, Disi , Berlin (1915) 
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It has also been claimed"-' that As^O, is formed when As,0, is heated at 4(XMW) C 
tinder 150-180 atm of oxygen, and when ceric salts act on a solution of As.O,/’' 
according to the equation 

Cc^ I AsOa -►Cc' : AsO.^ 

However, later woik shows*'" that the latter reaction proceeds until all the arsenic is in 
the pentavaicnt state 

FXPkRlMrNTAL AND DISCUSSION 
] / ^ncnmrms with (It V mixtures oj arsenic trio.xule and arsenic pentoxule 

In these cxnenmenls use was made of the lact lhal AsO, and As,0, arc non-volatilc over the 
< nvnrr itiire ranee tS0-4t0 C, while As,0, (whieh reaches a sublimation pressure of 1 aim at 460 C) 
s sumJ.enlly volatile to sublime away completely within a lew hours Accordingly, to remove escess 
As O ,t was merely necessary to continue heating until there was no further loss in weight In a 1 
r>scs'the As o and As O vvere intimately mixed and then heated under the conditions described 
' The helled irixtures weic ground and portions dissolved in dilute alkali for subsequent analysis for 
.tiivalcnt and pentavalent arsenic, the former by titration against standard MOj. the latter by titrating 

the iodine liberated Irom acidified Kl solution ^ 4 , ,so v.. 

I 1 U 111)11 of heat an miv/iiiev coiiiainini; an e\<c\ of liioxide A well-ground mixture I ..0 gl with 
the tiioxide and pcnloxide in the molecular ratio I 271 I and contained in a silie.i crucible futed w„h 
’ a hd was healed in a furnace at 400 C tor 5 hr The weight was recorded eveiy hour and the rate of 
loss of weight was observed to decrease with time When heating was resumed for the last lime the 


' temperature of the furn.iec was inadvertently raised from 400 to 700 C over a period of 70 min after 
v'-which time Ihe oxides were molten 1 lowcscr, the resultant loss in weight was nivt appreeiablv greaur 
'than lhal foi the last houi at 400 C Analysis corresponded to an _As( III) \s( V ) ratio of 0 y.8 This 


after 
ter 

TIS 

-.■showed that more than the excess of tiioxide had sublimed after aO min at 700 C 
f Ihe cxpciiment was repeated with a similar mixture (I6g) except that it was healed at sm) to 
^4(X) C lor 14 hr. the weight being recorded at intervals Alter 5 hr the loss in weight per gramme of 
Intixiuie was similar to 'that observed in the previous experiment and the total loss corresponded 
iappioximalely to the excess of trioxide I lowevei the loss in weight continued progressivelv after this 
feme although the late of loss diminished stc.idilv and in the last hour was onlv 0 02 g in 12 g of mix- 
tturc Analysis gave an As(III) As(V) ratio oft) 7^7 thus indicating as did the previous experiment 
llhat the prtpar.ition by the method of Hikhsi is not as simple as that investigator states 
*■ 1 2 4c lion 0 / heat an ecjtantolcc iilat tnisiiirt's These and subsequent cxpcritnents vvere carried tvut 

pn a Iherni.il balance in order to eliminate mtcrmiitcnl periods of cooling to follow the change in 
Light more rapidiv and easily, and tc' determine whether this pros ided .inv indication of the chemical 
processes involved on healing mixtures of oxides 

1 hicc samples (7 7S g each) of the equimolceular mixture vvere heated in pvrex test-lubes on a 
Lim.il bal.mee at 7S0, 4(X) and 470 C respeelively 1 he losses m weight are plotted against time in 
pig 1 It can be seen that in the experiments earned out at 400 and 470 C the hisses in weight e'cased 
Jlfter 2 1 and 1 7 hr respe'etively but that the sample maintained at 7‘iO C was still losing weight w hen 
eatim; was discontinued alter 77 hours Analyscsgave Astlll) 'XslX ) ratios of 0 605 0712and0721 
750, 4(X) .ind 470 C respectively 

I itese le'siilts show that a consielcrable loss etf trioxide occurre’d at all temperatures, 
tit that cit 400 and 430 C some reaction had cleariv occurred to prevent the rcntainder 
f the trioxide from subliming As the explanation of the results was pcissibls that the 
action IS too slow to permit the two oxides to complete reaction to tlte tetroxidc 
fore some of the trioxide volatilized away it was decided to repeat the experiments 
Ttli mixtures containing an excess of trioxide after preheating them oxer prolonged 
riods m sealed tubes Since an excess of Inoxidc would be present tlic whole time. 
Was icasoncd that all <he pentoxide would have a chance to react so that on sub- 
uent licating in an open tube only the excess of tiioxide would sublime 

C Maik.non and J A Lfcanu CR Acad Sci , Pam 170, <>41 (1920) 

V F SrrrANovsKiI and M S Gaukhman, 7 Gen Chem USSR 11,970 (1941) 

J W M(X)ri and R C Anderson. 7 Aniei Ghent Soc 66, 1476(1944), 
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1 3 Action of lu'cil on nmiiii c, (onlainnii; an e\ics\ of tnoMilu and piclu-cifed in scaled tubes Three 
samples (10 g each) ol a mixuiic with the trioxide and (lie pcntoxide in the molecular ratio 1 204 I 
were heated in scaled tubes at '50 41K) and 430 C tor 48, 24 and 24 hr respeetively The mixtures, 
which 111 the lust ivvo eases h.id smteied and in the last had fused, were ground and heated in Pyrex 
lest-tubes on the theimal balance at the same respective temperatuics The losses in weight against 



T ime , hr 

bn. 1 -1 he loss in weight with time ol dry cmiimoleeiilar mixtures ol As^Oj and Asd), 
.t( t50 400 and 430 C rc'speeOve/) [txpenmem (I 2)J 



Fig 2 The loss in weight with lime at 350 , 400 and 430 C respeetively of preheated 
dry mixtures of As.O^ and AsX), containing an excess of As^Oj [rxperimcnt (1 3)] 

time shown in Fig 2 are seen to be much m excess of those expected, although in these experiment 
they all became negligible after a certain time It may be ol interest to note that whereas in hxpci 
ment (1 2) the total loss in weight was greatest in the case of the sample heated at 350 C and least i i 
the case of that heated at 430 C, this order was not observed m the present instance, where the As(Ill ' 
As(V) ratios were 0 797, 0 81 1 and 0 781 at 350, 400 and 430 C respectively 
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Althoueh preheating has some effect, complete reaction is not achieved Indeed, 
viewed as a possible way of preparing the tctrox.de, the experiments, especially m the 
lases of samples at 400 430"C, exhibit vciy hlllc improvement on the previous series 

, .1 this xsas not due to insufficient preheating, a mixture (9 g) containing the trioxide 

To ascertain “""cheated in a scLed lube at 400 C' for 1 1 2 hr Afler crushing and 

way, the hna^ As(III) As(V) latio was 0 814, almost exactly the same as before 

The failure of eailter experiments docs not, therefore, seem to be merely a question 
of the sneed of reaction Nor docs it seem to be a question of the intimacy of mixing 
since the sample heated at 430'C m a scaled tube fused but still failed to react to 
completion In view of these unsuccessful attempts to prepare pure arsenic telroxide 
directly the next expci.mcnl undertaken was an attempt to introduce arsenic triox.de 
into As(lll)-delicient pioducts of the type already obtained 

I 4 of heat on a pn heated nnUate of oueh i adnnu-d .tth " 

molccul.ii mixture (8 g) of the trioxide and ihe pcnloxide was healed in a scaled lube a l 400 C for 48 
hr then -round and reheated on the thermal balanec in the usual ssav The loss m weight against time 
cune isshosvn in 1 ig 1 On comparison w ith the curve m I ig I obtained m a similar experiment with 


V 

?! 

f 

1 



F ic, 


1 — The loss in weight with time at 400 Cot a preheated div equimolecular mixture of 
As.O, and As.Oo after admixture with further As.O^ [I xpenment 1 1 4)) 


|)0 preheating it is again seen that the loss in weight is somewhat less Flic resulting solid was ground 
vilh an .imouiit ot trioxide approximately equal to the loss in weight (~-0 6 g) and the new mixnirc 
ealed on the thermal balanec at 400 C The rate of loss and total loss in weight are seen frevm the 
puive, also given in F-ig 1, to be identical with the prcxicrus run shvrvvmg that no lunher rcavtion 
ccLirred 1 he procedure was repealed , but an appioxiinatcly I g excess of trioxide was added (total 
'I 9 g) md the mixture heated in .i sealed tube at 4(X) C for 18 hr bclorc heating on the thermal 
lance 1 he plot ot loss iii weight against time is also given in fig 1 and the total loss in weight is 
pen 10 exceed 1 5 g showing that less than 0 1 g of the trioxide added in the last operation was lakcn 
Analysis of the hnal pioduet gave the As(III) As(V) r.Um 0 810 vvhieh is almost identical with 
nal lor the sample preheated in a sealed tube at 400 C tn txpcriment II 1) This indie'alcs thal the 
Xcess ol iiioxidc used m lhai ease had little effeet on the composition of the product 
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C oiu lusioiis li Giiikon and Man<iILI s stalcmcnt that arsenic tctroxide is stable 
at 400 C IS true and later results in the picscnf study support this — it seems on the 
b.isis of the foi egoinp e\pei inienls not to be feasible to prepaie a sample ot puie arsenic 
telioMde bv heating either an equimoleculai mixture of the liioxide and thepentoxide 

01 a niixtuie w ith anv othei lalio at about 400 C Perhaps the most significant point 
emerging horn these results is that whcieas leaction definitely occurs the Imalproduct 
in evciv ease (wheie heating was eontiiuied until the rate of' loss in weight became 
negligible) eon lamed belw ecn 41 (i and 44 4 per cent ot its arsenic in the tii valent state, 
depending to some extent on the teinpcraUiie The results arc cleat ly at vaiiance with 
those lepi'iled b\ 111 Knsi 

2 L\/h I mil 'll '< lulh iu7 fni\tiiic\ of munu iiio'-uli aiul iii u im pciUo\ulc 

1 HI iher .lUempis Ui pi ep.iie llte pure' lelruside we'ie' e.iri led oil! by modilleations of the nielhod of 

f diiion and Maiieili lliat is in elleel Using aiscme .leid As 4) as the starling inalei i.il m plaee ol 

the mhveliide \s O 

2 I li lic/i (if lit III oil an I iiiiiiihihtuliii iiiiMiii f /m In nli J imi \( iih’illiihr \n ec|iiinioleeLilai mixture 
(8 i;) was made ink) i paste w ilh die c|u.mtUs ot uate'i ( I ml) re'quiicd to eonvert Ilic pcnloxiile piesent 
into the h\ pollielieal oitlio-aiseme .leid H AsO, In orilcr to pioxidc opporlimily (oi this trans- 
loimalion lo eomplele* ilsell the piislt was lie ileil in a scaled tube at I 10 C lor I') In before it was 
heated on the theimal b ilaiie'e m the usual wav at 4t)0 ( 
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fir, 4 -Ihc loss in weichl vvuh time of wet cejiiimoleeular mixtures 
of As ()j andAs.O, at 401) C [f xpciimenis (2 I ), (2 2) and 12 ))] 


The loss lit weight plotted against time is shown m Fig 4 The very rapid initial 
loss in weight coiresponded to the quantity of watei present As the final product liad 
the As(II() As(V) ratio 0 945. the greater proximity of this ratio to that required tm 
the tetroxide and the shape of the loss in w'cighl curve make it seem probable that i i 
this experiment the tctroxide was formed during the preheating To check this pou t 
the experiment was repeated omitting the preliminary heating in a sealed tube 

2 2 Action of heat on an (cjinmolecular miKlure without prehealinp An cquimoiccular mixture (8 i 
was mixed with water (I mi) and the paste heated (without preheating at 1 10 C) on the thermal balan i 
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i at 400 C The loss in weight curve, also given in Fig 4, is seen to be very difTercnt from the first curve 
[ ('txpcnnient (2 1)), as was the composition of the final product, which had an As(IlI) As(V) ratio of 

# 0 780 

f It thus seems that imlial heating in the presence of water is a prerequisite for a high 
I conveision to arsenic tetroxide It is of interest to note that (a) the shape of the curve 
I aftci removal of the water, (b) the time for the rate of loss in weight to become negligible 
? and (.c) the analysis of the final product, all correspond closely to those observed for 
I the equimolecular mixture of the dry oxides that was heated in a sealed tube for 48 
I houis at 400 C (experiment (I 4) and Fig 3) A further experiment was carried out 
i to determine whether the preheating with water, now shown to be necessary, needed 
^ to be in a sealed tube 

I 2 3 Ae turn of heat on an eejinnwlec alar mi i lure preheated in an open ci ucihle I n order to keep the 
I oxides in contact with water for a reasonable time, a larger amount of water than that required to 
' convcil the peiitoxide to ortho-arsenic acid was used An equimolecular mixture of oxides (8 g) was 
" mixed with water (~8 ml) and heated at about 1 10 C in an open crucible The amount of water was 

* mill. illy sutficient to dissolve the oxides completely When the crucible and contents had reached 
eonstaiit weight, part of the resultant solid was anlysed and the rest ground and heated on the thermal 

" h.ilaiicc at 400' C in the usual way 


} rite loss-m-w eight curve is also shown in Fig 4 and is seen to be identical in form 
* to that from Experiment (2 I ) ThcAs(lll) As(V) ratio of the final product was 0 982 
t' The latter figure corresponds to 49 5 per cent of the arsenic present being in the 
f tiivalent state, which is sufhcicntly close to the 50 per cent required for the tetroxide 
I to show that heating in a scaled tube is not necessary 

I I xpcrimcnts (2 1), (2 2) and (2 3), taken together, appear to indicate that the 
tctioxidc possibly hist in a hydrated form is preferably formed m solution However, 
•ill is piobably wrong to suggest that atscnic tetroxide is really arsenious arsenate 


AsdintAslVfO^], since the mixing of aisemous and arsenic acids m solution is not 
^.accompanied by any measurable heat efTcct that can be attributed to a heat of neutral- 
.•^isatioii moreover the rate of solution of arsenic tetroxide m water is loss Accord- 
fe'Jngly. llie oxygen in the compound is probablv linked to the tnvalcnt as well as the 
^l^ntavalcnt arsenic It should however be remarked that analysis of the wet mixtures 
^Ijtftci duing at 1 lO'C but before liealmg on the thermal balance alwavs revealed that 
>,fatcr was present to the extent of 1 1 6 per cent of the weight of the pentoxide origin- 
^ily piesent, and since separate experiments also showed that arsenic pcnloxidc when 
Ipiixcd witli water and heated to constant weight at I I0*C retained 1 1 56 per cent c>f its 
l^ighl ol waterfcorresponding to the known hydrate dAs.O.^ 5H_,0'‘' it is tempting 
tippose Ihat the mixtures of oxides after drying at 1 10 C and before heating at 
f consist of nothing other than a mixture (or loose assoeiation) of the tnoxide and 
e hydrated pentoxide 3As,0- 5H_,0 This v icw is liowcv er incorrect and that the 
oduct IS ratlier to be regarded as a hydrated form of the tetroxide of fcsrmula 
s/), 5HT) IS clearly revealed by X-ray pt>wdcr photographs which show the same 
raction lines as anhydrous As_, 04 , and none of those associated with As>0, or 
fir, (cf Part If, Plate I) \ceordingly As^O^ is dclinilelv already present after 
mu at 1 10 C, and the similarity in the amounts of water retained at this stage is 
ineidental The water is comparatively loosely held, apparently in spaces in the 
O., lattice, since when it is driven off by stronger healing the diffraction lines 

tlAiARiFF Z 4noip Cheiii '’1,73(1911) 

A W MiN/iFsandP D PoriiR, ,/ Ainer Chem Soc 34, 1452 (1912) 
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remain practically unchanged, cnnfirniing that thcic is no essential change m the 
lattice structure 

Because tlic linal pioducts fiom the wet method still exhibited a slight deficiency 
in trnalent arsenic similar cxpeiimcnts wcie cairicd out on mixtures containing an 
excess of Irioxidc in oidei to ascertain whether it is possible to obtain a pure sample of 
aisemc teti oxide by this modification in technique 

2 4 l( non of hi m on iiii \ nn i \ (onUniuin’ an c\(C\s of liniyiih /n chcatci! in a icalitl tube A mixture 
(K 6 e) containing the (nosidc ,md the pcnlosiilc in the molecular ratio I 294 I was mixed with water 
(I s ml) and heated in a sc.iled tube at I It) t foi 48 hr Although shown not to be necessary, the pre- 
heating was caiiicd out in .i sealed tube in ordei lo pioside conditions that were more reproducible 
cspei inientalh Flic mixture was subsec|uenilv giound and icheated at 4(X) C on the thermal balance 
The late (d loss in weight became negligible atiei 6 hi but after 18 hi heating the As(IlI) As(V) 
ratio ol the piodiiet was still I 107 A luither ^2 hi healing at 4(X) C resulted in only a very small loss 
in weigh! amounliiig lo only 0 002 g out of 7 S g m the last 10 hi Analysis then shovsed a molecular 
latiool I 043 1 Foi the next 24 hi the tempeiaiuic was laiseei to 450 5tX) C but an excess ol trioxide 
still remaineil and a fiiither 24 hr at SOO C were needed lo remove this excess During the last period 
ol healing the latc ol loss in weight did not become negligible and moie than the excess of trioxide 
sublimed A hnal an ilvsis gave the As(lll) As( V ) ratio 0 990 corresponding lo 49 75 per cent oF the 
arsenic in the IrualenI slate 

ll IS dilheull lo undcisUiiid w hy dll the excess of li loxidc did not sublime dt 400 C 
In order to dcicrmine w hethci this might be due lo ibe formation of a small amount of 
an intermediate oxide containing tlie iiioxide m moie llian an cquimolectilar ratio, 
an expel iment v\ as can led oul w ith a mixtiiie containing a laige excess of the trioxide, 
so that any siieh compound would ha\c a gieatcr chance of being formed 

The mixture used contained the trioxide and the penioxide in ihe molecular ratio of 3 42I 1 
bceaiist of ihe large excess ol tlic irioxide, over 40 hr healing at 4(K) C were required beloic the rale of 
Joss m weight became negligible, but analysis ihcn showed an As(ll)) As( V ) ratio ol I 143 An hour 
at 500 ( changed this ratio to I 0f>8 and a lurtlier 24 hr at the same temperature during which lime 
the weight continued lo decrease albeit slovsly, lesulicd in a ratio of 0 978 

flic fact tfiiit with such a large excess of Ihe trioxide, most of the excess sublimed 
at 400 C. suggests that the explanations of the retention of moderate quantities at this 
temperature does not lie in the formation of a different intermediate oxide richer in 
trivaicnt aisemc 

At least two possible explanations for the tendency to retain trioxide suggest them- 
selves The first is that the trioxide is trapped in small pockets during the sintering 
that always occurred in these experiments, and this would greatly retard its rale ol 
sublimation The second is that arsenic tetrirxide may not be a stoicheionictric 
compound As both the trioxide and the pentoxide readily form glasses, it is not 
unlikeK that the tetroxide w hieh may be assumed lo contain both tri- and pentavalent 
arsenic, would show a similar tendency The Jatlicc so formed, although possibly 
most stablew Ith the composition As^O,, might be slightly dcTormed to accommodate an 
excess of either the trioxide or the pentoxide This could explain the compositions 
observed on both sides of stoichciometnc proportions 

Conilmiuii’i The results of this senes of experiments indicate that arsenic tetroxide 
IS readily formed by heating an cqiiimoicciilar mixture of the trioxide and the pent- 
oxide first with water at 110 r and then at 400 C It seems possible that the formation 
takes place during the initial heating at IIO'C The results of Experiment (2 4) ul 
400-500 C support Giiiron and Mangiii's conclusion that the tetroxide is unstable 
above about 400'’C 
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STUDIES ON ARSENIC TETROXIDE— II 

THE COMBUSTION OF ARSENIC IN OXYGEN UNDER PRESSURE 
L H Lonci and J F Sa( kman* 

Department of Chemistry, University of Exeter 
(Recened 10 Novemher 1961) 


Abstract- The combustion of arsenic under anhydrous conditions in a bomb under 20 10 atm of 
owi^cn gave a mixture of oxides, partly sublimed and partly in a glassy stale, with the Asm \ ratio 
always much in excess of unity The products were studied by (a) analysis (b) behaviour on partial 
esliaction with watei, (c) thermal behaviour on dissolution, and (d) X-ray powder photographs The 
glassy products behaved as As,0,-ASiOi mixtures with no evidence for uncombined As.O, In the 
sublimate, however most of the As(V) was initially in the form of uncombmed As O, which only 
vombined lo As.O, on exposure lo moisture, while the Astlll) was mostly iniiiallv presem in a new 
ard highly energy-rich modification of AStO, with a solubility greater than thirty times as great as 
that lot noimal As/), (to which it slowly reverted in contact with atmospheric moisture) C oinbusiion 
ot aiscmc metal m a bomb calorimeter in the absence of water is therefore an unsuitable method for 
dctcimming the heats of lormation of the oxides of arsenic 

As_(), IS a vlchnite compotmd and gives charactciisiic X-ray diflraction lines The X-rav studies 
furnished no evidence for the formation ol any intermediate oxide of arsenic other than AsjO, under 
tilt conditions investigated in the present work 


To date, only one investigation on the combustion of elementary arsenic m owgen 
umicr prcssuie has been reported m the literature this'*’ being due to de Passili.f who 
burnt at seme m a bomb m order to determine its heat of combustion He reported 
that the mam product ctf combustion was the trioxide but that tlte proportion of 
pentoxide increaseil with increasing pressure of oxygen reaching 27 7 per cent by 
weight (coricsponding to 24 S pet cent of tlte arsenic m the pentasalent slate) at 40 atm 
, initial pressure He also reported tliat, after each combustion experiment the walls of 
the bomb weie observed to be covered with a thick layer of crvstallmc tnoxide while 
the ciLicible retained a quantity of arsenic tctroxidc as a fused opaque mass No 
evidence was advanced to support the assertion that this evpaque substance was 
in lai 1 AsjO, Accordingly, a more detailed invcsfigation of the products of 
} combustion appealed desiiabic 


; materials and procldurf 

[r clcmenlciry ,Trscmc used m this work was sublimed material supplied in powder form b\ 
iliilivli Drug Houses All soluble impunlics were removed by boilmg with misde'ralcly cvsnccntrated 
|nvclroclil()iic acid Allowed by hitenng succcssivclv washing w'lth watGr, aleobol and ether and t'lnallv 
. rvingm a vacuum desiccator Combustions were jserfvirmed with 10 g quantities and were carried oui 
n a silica crucible supported inside a stainless-stcci bomb so as not to make contact with the base ol 
I n ^ n P'''-’' "’“'’IV tilled with dry oxygen under a prescurc of 20 2S or K) atm 

**7 electrically bung a shoit length vsl tine iron wire attached to a small picc-c ol 
inuigncsiuni ribbon as a fuse * 

|in iCilM P''<’ducts were analysed for tri- and pentavalent arsenic as aircadv described =' 


* Present address A W R E , Aldermaston, Berks 
A dc Passu i r. Ann C him , 5, 81 (1916) 

t H I oNv, and J F Sackman, y Inoig Niicl C/tt-zn , 25, 79 (1961) 
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RISULIS AND DISCUSSION 

In all cases, combustion o( the aisenic produced a voluminous, white, powdery 
sublimate which collected on the lloor of the bomb, while a glassy mass remained in 
the ciucible Analyses of the sublimates and the glasses are given separately for 
comparison in fable 1 each figure being the average for the pioducts of two or three 
combustions 


T Alii I I - \nA1VS1S lOR Tur SlIBIIMATrS AND liLASSLS 
RIMAINlM., AlItR lltl tOMHlSTION OI ILIMINIARY ARSENIC 


liiiUal piessurc 

Sublimalc 

Cjlass 


ol oxv'ecn 

arse me 

as 

aiscnic as 

(atm) 

AsdII) 

As(V> 

As(III) 

As(V) 

20 

84 88 

15 12 

79 38 

20 62 

25 

79 23 

20 77 

74 08 

25 92 

30 

75 15 

24 85 

70 13 

29 87 


Jt is doubtful whether the higher percentage of As(lll) in the sublimed mateiial in 
each case is very significant since it mav v\ell be explained by the gieater volatility of 
the tiioxidc It IS to be noted that whereas the appeaiance of the products after 
combustion was similai to that desciibcd“’ by dc Passilli . the composition found for 
the glass is at \aiiance with that author’s statements, being everywhere far from that 
ICC] cured by As^O^ It was noted that the glass started to devitrify and became opaque 
on standing, and also that it was slowly soluble in alkali As the main product was 
the sublimate, the glass was not further examined, except that an X-ray powder 
photograph was taken of one specimen of the mechanically powdered glass for 
compaiison with those given by the sublimates (see latei ) 

In each case, however the sublimate showed certain striking properties which 
differentiated it from the normal oxides of arsenic As can be seen from Table 1, at all 
pressures of oxygen a large excess of the trioxide over the pentoxide was present, the 
molecular ratios being 5 61 3 81, and 3 03 at 20 25 and 30 atm respectively There is 
thus more than sufiicient tnoxide to combine with all the pentoxide present to give the 
tetroxidc 

Behai lour oj piudiuts on limited e\ti action with water 

A possible way of determining whether in fact any tetroxidc had been formed was 
to subject the sublimates to extractions with watci of limited duration and determine 
the respective amounts of trivalent and pcntavalent arsenic passing into solution by 
analysis From a knowledge of the behaviours of the tnoxide, tetroxidc and pentoxide 
respectively towards water, it was expected that some conclusions could be drawn 
regarding the state of the oxides produced in the bomb Use was made of the following 
experimental facts regarding the behaviour of the three known oxides teswards water 

(a) arsenic tnoxide dissolves only very slowly in water, even on vigorous stirring- - of 4 S24 g of the 
finely crystalline, sublimed oxide stirred with 150 ml of water at 18 C for 30 mm only 0 0179 g (0 84 
per cent) dissolved and of 5 724 g of the oxide stirred with a similar quantity of water for 60 min onlv 
0 0686 g (I 20 per cent) dissolved (it was subsequently shown that the rate of dissolution in a solution 
of arsenic acid is likewise very slow), 

(b) arsenic pentoxide is comparatively slow in dissolving in water, but does so more rapidly than 
the tnoxide — of 1 009 g of the finely powdered anhydrous oxide stirred with 250 ml of water at IS' C 
just over half dissolved in 1 5 min and all dissolved within 2 hr. 
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(i,) jrscnic tctroxide dissolves more rapidly than either the irioxrde or the pentoxide I 2IOgof the 
linelv powdered ictroxide (prepared by heating eqiiimoiccular quantities ol the trioxide and pentoxide 
uillivvalci at 110 and subsequent drying at 400 C) on stirring with 250 ml of water at 18 C dissolved 
L(>iiipletely within 50 niin 

If it can now be assumed in the first instantc that no intermediate oxide other than 
the tctroxtde results from any compound-formation between the trioxide and pent- 
oxide lormed in the bomb, the products can be considered to be constituted m one of 
thicc possible ways 

(i) As,Oj and AsoOr,, if no compound-formation occurs, 

(II) As,0^, AsP 4, and As,Or„ if some As^r, combines, 

(III) AsnO, and AS2O4, if all the Aspr, combines 

On the basis of the experimental facts given above, rapid partial extraction w ith water 
of these combinations should dissolve 

(I) mainly As/), w-ilh a little As_;0,, 

(II) a mixture of As/)4 and As/), with a little As^O,, 

(ill) mainly As/)4 with a little As_,0, 

The As(lll) As(V) ratio in the resultant solution would accordingly show a marked 
dificience in the three cases, being namely I for case fi), ^ 1 for case (11) and 1 for 
case (III) 

The bomb products to be tested m this way were protected from atmospheric moisture by storing 
111 a vacuum desiccator A known quantity ol each solid was plated 111 a sintered glass eru^ible alUehed 
10 a tiller pump and covered with a measured quantity of cold water, which was sucked through the 
euieible alter a predetermined time of contact The filtrate was then analysed in the usual wav for tri- 
anil penlavalcnt .irsenie The icsiills lor a number of dilTercnt products arc recorded in Table 2 The 
(leures in eokim 5 represent the limes ol contael with water )o the completion cd nitration The oxides 
lormed with 20, 25, and 30 atmospheres of oxygen arc designated A B and C respeeiivelv Txpen- 
meiits 3.1 ha and 7a refer to <i second extraction c'f the residues Ircim experiments 3, 6, and 7 
respeelively 

1 he most striking feature of these results which arc quite unlike anything expected, 
IS ilic extiemely large amount of solid dissolved m such a small volume of water in 
such a short time and. m particular, tlie large quantity of trioxide dissolving in all the 
first exltaclions Thus, for example m cxpcrimeiU 7 the amount of invalent arsenic 
'dissolving IS equivalent to 0 32 g ol As_,0, in 5 ml, a concentration correspevnding to a 
;solubililv more tlian thirty times that of normal AsoO, moreover the rate of solution 
jjs several thousand limes that noted for ordinary As/), These observations clearly 
linclieale the formation of an oxide (01 oxides) c>f a type not previously encountered 
I I he unexpected ratios found m the last column of Table 2 though mstrucuve do 
^ol ol themselves lead to a sliaighlforward conclusion regarding any intermediate 

I idc Perhaps the most consistent feature is that, for each of the oxides \ B and C 
nsidcred separately, the shorter the tunc of the first extraction the higher the relative 
opoition o( As(lll) going into solution, which would not be expected of cirdinarv 
nfb As^O, mixtures On the other hand Jong extraction times (Experiment 1) or 
bsequent extractions (Experiments 6a and 7a) gave ratios below one revealing that 
it all the pcntavalent arsenic is combined in the form of tetroxide Since the analyses 
ported in Table 1 show that there is always considerably more than enough tricvxide 
combine with all the pentoxide present, the evidence now presented is that all or 
rt of the iincombined As^O, in the bomb product exists in the fesrm of an unusually 
live and soluble variety Although no such soluble variety seems to have been 
ported previously (the various known modifications having much lower solubilities). 
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TaHI t 2 — AnAMSIS OI XQUIOIIS LXIRAtlS l)h 0\ll)l SUBLIMAltS PRODUCFD BY 
IMF ((IMBLSIION 01 AKSFNK IN OXYOIN UNDFR PRFSSUUL 





V ol ol 

rmit ol 
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\pl 

Oxide 

W’ciehl 

wale I 

eontaet 

As(III) 

As(V) 

Ratio 

IH> 

s.l mple 

(g) 

(ml) 

(see) 

<g) 

<g» 

As(IIl)/As(V) 

1 

•\ 

0 861 

5 

240 

0 064 

0 089 

0 72 

-f 

A 

1 214 

S 

45 

0 105 

0 103 

1 02 

'I 

A 

1 24 s 

S 

10 

0 142 

0 052 

2 73 
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S 

60 

0 190 

0 078 
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4 

Fl 

0 894 

to 
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0 229 

0 123 

1 86 
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10 

45 

0415 

0 205 

2 02 
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0 884 

s 
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0 204 
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30 

0 007 

0 027 

0 26 

n 
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1 010 

5 

20 

0 244 

0 155 

1 57 

7a 

C (lesidiic) 

— 

5 

75 

0 020 

0 048 
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It IS readily concenabic that the special conditions pievailing in the bomb — where 
AsjOj vapoui at a \cry high tempeiature is suddenly cooled could give rise to an 
e n e rgy- 1 1 c h in o d i fi c a 1 1 o n 

Two further lines of e\ idence throw additional light on the situation If the arsenic 
tnoxide is in an energy-rich condition this should be revealed by the amount of heat 
liberated on dissolution in water It was found calorimetrically that on adding the 
bomb products to water, a large amount of heat was cwolved very rapidly This (after 
allowing for some undissolved tnoxide) was noted to be far in excess of that calculated 
lor mixtures of ccjtii valent quantities of As_,Oj and As_, 0 ^. thus indicating the presence 
of an oxide stiongly endotheimic with lespect to ordinary As^O^ AS2O, mixtures 
Although this observation does not indicate the presence in the bomb sublimate of 
As^O,. which (as will be shown in Part III) is slightly exothermic with respect to 
AsjOj-AsjO- mixtures, the possibility of its presence cannot be excluded, if only 
because of the large excess of As^O, present 

Ihe formation of this ‘endotheimic’ or energy-rich variety of As_,Oj in the bomb 
process clearly shows that attempts to determine the heat of formation of As,Oj by 
burning arsenic in a bomb are likely to be misleading The energy-rich variety is 
unstable in contact with moisture, which rapidly causes it to revert to the normal 
modification Thus exposure of the bomb sublimate to the atmosphere tor only a short 
time greatly reduced its heat of solution 

The other additional evidence is supplied by the X-ray powder photographs 
reproduced in Plate 1 , which were made because the problem could not be completely 
solved by chemical methods alone Diflraction patterns I and 2 arc included for 
reference, and refer to ordinary As_, 0 , and As^O- respectively. The third exposure 
reproduces the pattern given by an almost pure sample of AS2O4 prepared as in Part I 
by the wet method and incorporates none of the lines given by As^O, or As,Or, 
Clearly, therefore, As^O^ is a distinct compound with a characteristic pattern of its 
own, moreover, the absence of As^O, or As^O- lines confirms that the formula of tiu 
intermediate oxide is indeed AS2O4 Thefourth pattern is that given by hydrated arscnn. 
tetroxide, 6As2f). 5H2O, and reveals no lines not given by anhydrous AS2O4 itscll 
As expected, the products obtained in attempts to prepare AS2O4 by the dry method 
(see Part 1 ) give, on account of the large excess of As(V) they contain, the lines of boi 1 
Asn04 and ASgO- and no others (Patterns 5 and 6) 
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I STUDIES ON ARSENIC TETROXIDE— III 

w determination of the heat of EORMATION 

® L H Lonc, and J F Sackman* 

Dcparlmcnt of Chemistry, Universitv ol rxeler, Fxelcr 

'>1 

(RetenedlA Juh 1962) 

'Abstract 1 he heals ol solution in aqueous NaOH of a number of difTcrent As,0, preparations have 
*1|eon measured Comparison with the values given by As^Oj and AsjO^ base shown that the reaction 

t' tAsjOi (octahedral) {As^Or. t<) As.,0, U ) 

neaily thci moiiciilial with a heat ol reaction ( \H) of 0 7 0 22 kcal mole, from which the 

'iLal of lormation ol As,(), follows Although As^O, appears to be capable of taking up either 
AsAE or As,(^, over a wide continuous range of concentrations in the solid phase, no mived oxide 
■i«udie'd v\as lound to be thermodynamically moie stable than pure As^O,. and the thermochemieal 
1 JVidenee suppoils other csidcncc that As/), is a distinct species The values for mulures of oxides 
.Obtained by combustion ol arsenic in dry oxygen under pressure invalidate an earlier attempt to 
■ i^easurc the heat of loimation of As.Oj 

• to the picsent study, the only published \aluc for the heat of formation of As_,0, 

an old one due to HRIT/Kf t7 c// who gave - I2 24 kcal mole for the heat of the 
'‘Inaction 

iAs.O, lAs.O, ►As.O^ (1) 

^pait from the fact that this result is unlikely, in that if As^O, were so markedly 
Hbdoilieimic with respect to the other oxides it would he unstable towards dispro- 
rlionation, the method adopted in csbtaining tins \alue invobcd several unsatis- 
ctoiv features In principle it consisted of measuring the dilTcrence m the heats of 
lution of two preparations of mixed oxides of arsenic, the first prepared h> burning 
seme 111 oxygen under pressure in a bomb, the second by treating part of the first 
ixtuic w ith ozone The amounts cif tri- and penta-xalent arsenic in the mixtures were 
teiniinecl by analysis, so that from a knowledge of the heats of solution of As^O-, 
d AsjO, the heat of solution of the As ^04 assumed to be present could be calculated 
d a liguic for its heat of formation deduced Howexcr the interpretation of the 
alvlical data is not unique, since a number of assumptions xxere inxoKed firstlv. 
at on burning arsenic under pressure all (he pentoxtde formed combines xsith the 
oxide present in excess to give (etroxide. which has alreadx been found in Part IP*’ 
be lake, secondly, that on treating such a mixture of Irioxide and tetroxide with 
one some of the trioxide is converted directly to pentoxide without the fcirmation of 
roxide (m point of fact the treatment with ozone was discontinued after only a small 
ouiit of oxidation had taken place, leaving a mixture that was supposed to contain 
inly the inoxide and tetroxide, with a little pentoxtde). thirdly, that none of the 
roxide is oxidized by the ozone, and fourthly (tacitly), that no pcroxy-compound is 

Present address A W R F , Aldcrmaston, Berks , U K 
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produced h\ the o/one These assumptions arc at least in part incorrect, and since, 
(urthcr it had been found lhat aisenie trioxidc produced in the bomb is originally 
laieciv picscnt as an eneigy-iieh modilieation*-’ (which moreover changes its heat of 
solution on exposure to atmospheric moistuic). of which lundamental fact Bkii7kl 
Cl a! were obvioush unaware a rcdetermmation of the heat of formation of AsX), by 
a more satisfactois mctlu>d was necessaiy In undertaking this, the better-character- 
ised specimens ol As^CT, prcpaied accoidmg to the procedures described in Part P'’ 
Were used 

file method waN to measuie the heat of solution of the As.Oj specimens m dilute 
caustic soda and compare the c.ducs obtained with that given b} an cc|uiinolecular 
inivlurc of cli\ \s,(f, ind \s_,(), 7 lie diflcrencc piovided the heat of leaction (1) 

dll cells the onlv assumption being that on dissolution m sodium hydrovide, As^O, 
Mclds a solution which in no w.iv ditlers from that given bv the As^O, As^O, mixtuie 
As tile lesulling solutions exhibit the same leactions and are in .ill other obseived 
respects similai theie is no le.ison to doubt thevalidit) ot this assumption T-'urthei, 
since It was checked th.it the heat of solution of an imheated mixtuic ol trioxide .ind 
penioxicie is experiment. illx indistinguish.ible liom the total he.it liber.ited when the 
tiioxidc .ind pcntoxide .iic dissciKecI sep.ir.itely, no erroi .irises through any hc.it of 
mixing ol .irsemotis and .irsenic acids in solution .ind the collection I'm the presence 
of sm.ill amounts of fi ee Asdlj or As_,0 , in the tetroxide samples is <i simple arithmetic 
one 


f \P1 RIMI N J \1 

The cdloiimctci consisicd ol .i sii.iighi-sidcci IXw.ir ll.isk ot 600 ml c.ip.icitv immcised lo its iini 
in .1 consl.inl ictiipcralutc w.ucr-haih lined with a ihcnnomcUi .ind stiiici The iicck ol ihc (task was 
closed with a large rubber bung ihrougli which passed a rot.trv gl.iss siiiici a IJcckm.iiin Ihcrmomctci 
a healing coil and an ampoule crusher The whole apparalus was kepi in an e Ice ti le.illy he, Heel en- 
closure ihermost.itie.ilK maintained at 2'' C 0 25 C a tcnipetaluie slisrhlly above the workinsi 
leni per.iture 

Since 1 b72N sodium tivdnvxidc solution w.is to he used as the ealorimetci liejuid in the solution 
experiments, the ihermal constants of the e.ilorimcler svstem vseie delermmtd with a standard 
quantity (250 ml) of this lie|uid in Iht calorimeter Bec.tuse the speed of stirring needed to he v.iried 
according to rec|uireniems ilie heat rises due lo sUning and heat transfer were dete'imined separatefv 
for each experiment bv foffowing the change in temperaUire for fO mm periods immedialefv befoie 
and after each run A typical value lor the stirring was 0 005 f 'inin, and although the v.trialion 
bttwec’n the runs was small il was signitieant enoueh lo warrant individual ileiermination 

The heat eapaeily v>t the calorimeter system was determined bv parliallv neulr.ili/ing I 872N 
sodium hydroxide as the calorimeter liquid with known weights of standaul I6M sulphune acid 1 he 
acid was introduced in thin-vvalled glass ampoules about I I it gave the required temperature rise ol 
0 8 C Mixing with the alkali was ctreeted at the appropriate moment by eiushing the ampoule with 
the ampoule crusher and the rise in tcmperatuie noted hreun a knowledge ol the heats ol loi m.ition ol 
water, H^SOj (lu/) NaOH {m/) and NaXOi <«'/) at the appiopnale dilutions the heat liberaletl 
could be calculated, and hence the heat capacity from the corrected temperature rise The mean ol 
SIX delerminaticms thus obtained was 272 61 g (or (he standard svsteni, with a me,in deviation I'l 
0 19 per cent and a maximum deviation ol 0 29 pel cent 

Mati’iuih 

As/), was A R material dried al 2(X) C 

As/), was prepared from As^O, by heating it with excess A R eonccntralcd nitric acid near lbs 
boiling point of the latter for several hours after solution was complete The solution w.is then 

v L H L( INC. and J F Sackman / Inois; Niicl Oie/n , 25, 79 0964) 

F D Rossim, D D Waoman, W FI F vans, S Lwini and I Scledcd Valuer of CItrniK 'I 

rherniodinamu Piopcrlie^ National Bureau of Standards, Circular No 500, Washington (I952i 
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evaporated under reduced pressure until a solid was formed, which was freed from the last traces of 
nitric acid and moisture by heating it to constant weight at 350 C The resulting solid was shown by 
analysis to be pure and was stored in a vacuum desiccator 

As.O, was prepared from As,,Oi and As^O,. according to the various dry and wet procedures 
described in Part 1 Ditfercnt preparations were studied separately Some of these preparations 
were nearly puie, but others contained cesnsiderable quantities of free As/J^ as revealed by analysis 
and X-ray studies However, as they had all been heated to constant weight at a temperature where 
Tree AsjOj would have sublimed, it could be assumed that all the trivalenl arsenic present was combined 
,tn the lorm of AsjOj, so that the preparations were treated as AsjO, admixed with As.,0,, 

Procciliii c 


Weighed quantities ol each oxide were sealed off in thin-walled glass ampoules similar to those 
-used 111 the determination ol the heat capacity of the system Lach ampoule was opened under 250 ml 
lof 1 872N sodium hydroxide by means of the ampoule crusher, and the temperature rise noted for 
complete dissolution Appiopriatc corrections were applied to the observed temperature rise as in the 
Calibration experiments The quantities of As^Oj As/), and As/), required to eivc a convenient 
^isc in temperature were t, 0 7 and —1 g respectively Previous workers ' ' had found that the 
Sdissolulion ot As.Oi was exceedingly slow, due to difficulties in wetting Accordini;lv, the behaviour 
C>f the oxide was observed m control experiments using an unsilvered Dewar flask These revealed 
khat on crushing the ampoule under NaOH solution the As/lj tended to trap bubbles of air which 
|ormed a cushion round the oxide, thus preventing proper contact w ilh the solution However it was 
found that the tendency to trap air largely disappeared if the tnoxide was kepi in an oven at 110 C 
" tilil immediately before use Accordingly, the tilled ampoules were maintained at this temperature 
arsome lime before they were scaled off, and with this precaution complete dissolution was sub- 
equently effected withm 20 mm The As/), and As.O, s.imples were likewise scaled off at 1 10 C 
nd in these cases dissolution was completed in 7-8 nun 

Rl SULfS 

^eal (if sohiHon of />s/), m (Ujucous NaOH 

Ol the eight experiments earned out w ith As/), as described above seven were in itood aercement 
” A sif 61 5 0 5 cal g This figure rcicrs to the dissolution o! ) 07 g 

As.O, m ^50 ml ot 1 872-N NaOl I, and conesponds to 12 16 0 10 kcal mole 


feur df wliiiion of As.O ,n aqueous NaOH 


Mined out with As^O., agreed well and vielded .i corrected mean of )7S 7 
-s to the dissolution ot 0 7)6 g of As O, in 2^0 ml ot 1 h)2-\ NaOH and 
28 kcal 'mole 


All seven experiments c,, 
p2 cal/g 7 bis hgurc refers 
*orrc.poiids to 87 07 0 28 kcal 'mole 

of soliiluw of As/), m aqueous NaOH 

ler^smdl!d''Th!. As O. produced by seven different procedures desciibcd in Pan 1 > 
Koiismiu wciSt r ^'■'7'"g/'n^^^»ntsof free As.O,, {but since thev had been heated 

i wembi I h ^r, " ii As.O/ the As.O, content ranging from h2 1 to 90 o i>cr cent 

Img designated a^m VanrT'''m‘^^ '' given m the second column 

^xuires ot uncombiiicd An niadc \Mth the heals of solution calLuIaictl for equixalent 

so, 1 , i J '''ff csrre,s,J ,n ~r mole of 

fjmf - pf*.N> -- „f 

ttz. "X"; x'lr 

lh\lrv oxveeii'unj.lryelmre Lcord^^ Ify bsoimif jK.sdergd dmoenutv .,r,cm, m , bomb idled 
bpoules as before witrfhe ^ procedure described - in Part II were sealed off m 

[dissf.lving samples prep. red rfflrerdtr"'*' moisture The calorimctn. results 

^ II the evidence IS that these nrenarufm^^^ ‘n terms of moles of As/), since as discussed in 

itrivaleni arsenic is here everywh^ere^i cxccsVXTl^' ’ Nceord.nglv 

I y c in excess, the difference is expressed per mole of 'ks(\ ) 

'"""'IN. v„, , B.„,l,,l.e,|,„5<,m:, 
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HtATS Ol SOLUHON IN 1 872 N AQUtOUS VJDIUM HYIJROXlnr OF IHF OXIIH MIXTURES 
OUrAlNED FROM BURNING ELEMENIARY ARSENK IN OXYGEN UNDER PRESSURE IN A BOMB 


Heat of solution 


DifferciKC 


I’ 

t 


6)5 

h_ 

iV 


Initial 

O. pressure 

111 bomb 
(atm) 

Ratio 

AsdID/AslV) 
in oxide 

Calc for 

AS 2 O 3 As^O], 

(cat/g) 

Observed 

(cal/g) 

per g oxide 
(cal) 

per g-aiom 
(kcall 

20 

5 48 

1170 

122 5 05 

5 5 

3 

25 

i 89 

114 5 

14')9 -> 0 7 

94 

4 7 

to 

t 12 

147 5 

160 6 0 8 

13 1 

5 6 


DISCUSSION 

The markedly negative values in the last column of Table 2 correspond to a very 
ironounced endolhcrmicity with respect to ASjO^-AsoOi mixtures The poor agree- 
icnl in the last column suggests that this endothermicity is not to be associated with 
pentavalent arsenic That it is rather to be associated with the free As_,0, present is 
^lear Irom the very anomalous rapidity with which the As(lll) goes into solution m 
lonlact with water, as described in Part If The endolhcrmicity is probably even 
■eater than that indicatedin Table 2. since it fallsvery rapidly m contact with moisture, 
id die total exclusion of atmospheric moisture during the operation of filling the 
ipoules was m practice not feasible Clearly the experiments recorded in Table 2 
‘ovidc no information regarding the heat of formation of ^s^O, other than to suggest 
explanation for the anomalous, highly endothermic value for the heat of reaction 
i) reported*” by Brii/ki and co-workers, who utilised oxides similarlv prepared in a 
inib It IS now seen that no reliance whatever can be placed on their method 
To derive the heat of formation of As ^04 it is necessary to resort to the results 
loited 111 Table I Broadly speaking, these results indicate that the purer the AsX>j 
more exothermic it becomes This is not surprising if lattice distortions caused h\ 
presence of As^Or, as impurity enhance the energy of the AsX)^ lattice The first 5 
pies were all prepaied by the dry method, and, of these samples 1 4 inclusive gave 
thei similar results Although of a similar purity to sample 4 sample 5 proved to he 
ich more exothermic T his was the only .sample to have been reheated with a second 
nlity of AsjO, As very little further As.O, was taken up the explanation probablv 
Its 111 tim clfect of contact with atmospheric moisture durinc and after the recnndini: 
further As^O, (the suggestion being that moisture is necessary to enable the newlv 
led As.Oj to release the strain in its lattice) At all events except for the highlv 
lure sample, tor which the essential preheating was omitted (Part I Experiment 
!)), the products from the wet method arc the most exothermic Moreover samples 
id 8 with the highest exothermicity arc by far the purest and with puritv 97 0 and 
per cent respectively these are the only two which need to be considered in the 
ll resii It Each value rests on iive separate runs, and the very close aurcemenl implies 
‘ a sample of 100 per cent purity would yield a value not signiikantiv different 
:tion (1) is thus seen to be close to thermoneutral With the final experimental 
iC of () 7 kcal/mole for the heat of reaction ( -2tH) must be associated a random 
Dr ot 0 22 kcal/mole 


le heat of formation of As^^ can now be calculated from the correspond 


ina 
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values for the (riovide and pcntoxide The values given''*^ in the latest compil- 

ation are I 'vh 97 and 218 6 keal/inolc for As^O, (octahedral) and As.Oj (() respectively 
These values howevei coi respond to \H 74 9 kcal/mole for the reaction 

As^O,(f/r/) , 0^,(s,') ► As_,C)r,(<7^) (2) 

vvheieas ITtri 1 1 Ri p t r al by a more direct method have recently found*'’' 78 0 kcal/ 
mole (or reaction (2) and this is doubtless the more reliable figure Since in the com- 
pilation*" the heats of foimation of the crystalline oxides are derived from the values 
tor the aqueous t'ornis in combination with the respective heats of solution, it follows 
tli.it the diflcrence between the values for As^O, (octahedral) and As^O, (i ) needs to be 
incie.iscd by 3 1 kcal/mole That for As.C), (octaliedral) is the better-established value, 
being based on the free energy of formation calculated fiom cell measurements*’' 
together witii entiopv data,*"' and is closely suppoited (to within about 0 2 kcal/mole) 
hv the more leceni data *‘"of Kirshninc. and Pi iith, whcieas the value for As.Oj (r) 

I ests solely on caily work*" by Thomsln Accordingly following a recommendation""’ 
from the Nation. il Bure.iu of Standards, we here adopt the amended value - A//^ 

221 7 kcal/mole for As.^O., (t ) Combination of tlie foregoing values for the heats ot 
formation with the experimentally derived (igure of 0 7 kcal/mole for the heat ot 
leaction (1) gives 190 0 kcal/mole for the heat of formation of As^O, (c) 

"" l. Bjuiirip S Si SNiR .and I Waoso ^tUiClum S^unil II, 1761 (I9S7) 

’’ R SrnoilMANN, / Anwi C/icitt S<h 46, 1444 (1924) 

K K IsniFV ( ontnhutums 10 the Data on Thvoti’lical . XI Lnlioptvs of Inort^anic 

Suh'iiances U S Bur Mines Bulletin No 477 Washinglon (1950) 

"" H J Kirshmncj and K Plilih 7 Anon: Chew 280, 546 ( 1955) 
lie" W H Lvass Pmv ate communicalion (1961) 
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SOLUBILITIES AND EFFECTIVE OXIDATION STATES 
OF SOME LOWER MOLYBDENUM CHLORIDES 
IN CONCENTRATED SULPHURIC ACID 
AND RELATED SOLVENTS 


L J Bailin* and H B Jonassen 

^ Deparlmenl of Chemistry, Tulane University New Orleans 

? 

I (Reccned \ fchiimry 1962, m ret ned foi m II June 1962) 

^Abstract The solubilities and efTcctive oxidation slates of molybdenum ions resulting from the dis- 
Lolution of MoCIa and KiMoCI,. in concentrated HjSO, were determined At room temperatures the 
ioxidation state was 3 0 at 180 C, from 4 5 to 4 8 MoCl, in contact with SO, reacted via surface 
ircaetion only, KjMo<'l„ formed leversible adducts with SO, from M to 180 Both MoCl, and 

t KiMoCi,, reacted with fuming sulphuric acids to yield highly coloured solutions Based on similarities 
jn colour vs SO, content in the fuming acids and reversible K,MoCl,,— SO, adduct formation, it is 
ipostulatcd that the cflective oxidation slates arc also 3 0 4 8 wilhin the spccilied temperature limits 
ifot these solutions 

In the course of mvestigating electrolyses of concentrated sulphuric acid systems 
containing lower valence molybdenum chlorides"' a number of solutions were pre- 
jred which were either unknown or sparsely described in the literature Molyb- 
ilenuiTi(lir) chloride w'as reported to dissolve in concentrated H_,S04 to form a blue 
jloured solution, which on heating turned emerald green A second reference re- 
j^orted thcgencial solubility of M0CI3 in but in neither source were oxidation 

|r mcasLiicd solubilities discussed No information on K^MoClj in H,S04 was found 
|ecausc of this lack, a study of the solubilities and oxidation states of the moI)bdcnum 
i>ns in solution was undertaken 

Molybdenum(ll] ) chloride and potassium licxachloromolvbddte(lIl ) chloride were 
|actcd with C P concentrated sulphuric acid, two fuming sulfuric acids and gaseous 
), Sulphur tiioxide was included on the basis of preliminary work which indicated 
Jt colour formation might correlate with per cent available SO, in the solvents 

FiXPrRl MENTAL 

ergi tu s 

Anliyduius molybdeniim(lll) chloride was obtained from \ 10 Mackav Inc, New X ork 
ptassium hcxchloiomolybdale(ltl) from the S W Shattuck Chemical Company Denver Colorado 
All concentrated and turning sulphuric acids were Baker Analysed Reacent grade 

‘^pum/ion of iuhition'i 

1 Mi< 1 1 iH To 8 07 g MoClj in a 125 ml Erlcnmever flask were added 187 Og 
i.H.SCij to give a 4 14 per cent mixlure, which was heated for 2 hr under dry nitrogen at 180 
resulting solution was olive green after the first hour During the reaction HCl \v.is evolved 
vlv Some Mod, remained at the end ol the heating period Eurthcr heating at .3(X) 310 , the 

Now at Rtseaich and I ngmcermg Laboratories, Lockheed Missiles and Space Compam Paivs 
. Caliloniia 

J Baiun Dissertation, Tulane University ( 1958) L C Card No Mic 59 61 
W A Compiehen\ive Tieatise on Inorninie and r/teoieliial Cheniitnt Vol Up 620 

Longmans, firecn. New York (1930) ' 

M Comfy, A Duttunary of Chemual Solubilities, MacMillan New X’ork 231 (18‘’6) 
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jtuic ot till. Nysicm resulted in complete solution and colour fade to a light yellow 
II! cold 'Xi'\ HjSOj To 20g MoCI, wcie added 55 1 g 96 4'’„ HjSOj Mixing was 
t ambient tcniperatures lor 24 hr in a stoppered flask Centritugtng the 3 5 per cent 
led a weakly coloured blue solution The solid residue contained mi>st of the origtnal 

m jiiniiiii; H.StO, 15 18 30 33‘’„S03 A 4 8 per cent solution of MoCl, in 15-18 

luniing H.St), was prepaied by reiluxing tor 2 hr at 170-180 The solution w'as dark 
Lirlher relluxing al 180 for 4 hr showed no turlher colour change No tesidue remained 
Lent solution ut Mo( I, in 30 31 per cent SOa turning H^SOj was prepared m a similar 
riusing at 120 125 The hnal colour of the solution was bright blue, and the time 
ompleic dissolution was less than 1 hr 

'If m hot 9(i”„ HjSO, A 4 94 pen cent solution t)l KaMoClb m 96 pei cent ll.SO, was 
ow drerpwise atidilion ol the acid to the solid in a 50 ml round bottom flask luted with a 
umes ol HC'I were released rapidly duiing the addition Alter the majoi part ol the 
.ed. the mixture was healed to accelerate solution At 1 90 , the solution was dark green, 
lo solids remaining 

I, in mill 96"„ II SO, A 3 9 per cent mixture was prepared in the eold as above 
1 ol the suspension yieklcd a icd-biown solution 

!■, (« /innwi,'^ H .SO, 15 18«//(/ 30 31"„SO, T wo 7 t) per ee'nt solutions were prepared 
vise addition of the respective fuming acids onto K ,Mo( 1,. HCl was given oft voliimi- 
ing to the icflux temperatures, 170 180 and 120-125 yiekled dark blue solutions 
he colour development in the 30 3 3 per cent aeiil, however occurred more rapidly than 
.SO, acid No resKlue lemaincd 

\iilpliiii tiioMdc ciililiiit'i 

A complete description is lound in Refeicnee I 1 he following summari/es the 
res 

jSO, 30 33 SO,, was used as soiiiec foi SO, About 50 ml ol the acid were placed 
und ftask which contained a well lor iheimomcler placement Commeicially available 
vhich was used as cai i lei gas, was passed thiough a hot tube Idled with copper turnings 
cs ol oxygen, and then bubbled thiough the heated acid via a capillaiy bleed tube, the 
vas positioned abciut i m below the suilacc ol the acid 'Icmperalures for cllicieni 
ranged from 115 lo 125 The SO,-N. mixture was passed thiough a line poiosily 
ter tube to remove brownish-black decomposition products formed dining the licating 
acid The hitcr was placed well within the reaction lube to picvent litjuelaclion ol the 
Hurts were measured by placing a thermometer at a hxed position over the icaetion 
Tiaiing against materials of known melting point placed in the boat 
Iwo to live grammes t)l sample weic weighed into a Vitreosil silica boat and inserted 
on chamber maintained at a pre-chosen temperature in an electric tube lurnace Bre- 
v,MoClo was necessary to remove sm.ill amounts of moisture the solid was heated in 
be under nitrogen al 1 10 120 lor 2 hr The city nitrogen under a slight excess pressiiie 
^ the heated fuming acid and earned the evolved SO, thiough the hiter tube into the 
^er 

sO, Reaction began at 80 with the formation ol a grayish black coating With the 
creased coverage of the surface, no other changes were obsci ved as the temperature was 
al examination of the final product indicated surlacc reaction only Changing the 
toCI, pailicle si/c SO3 evolution rate, etc did not effect further reaction Decom- 
ed without melting undci the SO3-N. atmosphere at 200- 220 yielding varied coloured 
1 control run, MoCI„ under dry nitrogen was stable up to 260^ 

1,1 SO, In a similar control run under dry nitrogen, KtMoCI,, was stable up to 250^ 
the MoCI,-SO, system when SO, was passed over the K,MoCI,,, reaction occurred 
ind continued up to 190' before decompcvsition became obvious at 200-210 ' Fquilib- 
Irom 64' to 180’ yielded a liquid phase having colours ranging trom dark blue at the 
-80 . to bluish green at the intermediate range, 80 -165'’, and dark green at the high 
0 


in was determined gravimetrically using 8-quinoIonol Chloride was determined 
with standard mercuric nitrate using sodium nitroprusside as indicator 
on state of molybdenum was determined as follows excess standard potassium di- 
entrated sulphuric acid solution was used to oxidize the molybdenum in solution and 
Ids to the maximum valence of six The unrcactcd dichromate was found by titration 
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standard aqueous ferrous sulphate The figures obtained are effective oxidation numbers, and 
fore arc only average values 

1 e sulphur trioxidc values were calculated on the basis that increase in weight of the adduct is 
utable to the addition of SO 3 to KaMoCl„ Sec discussion for justification of this assumption 

RESULTS AND DISCUSSION 

able 1 summarizes the solubility data and oxidation numbers for MoCl, and 
oCT,, in concentrated H2SO4 The valence states show oxidation to about the 
levels for the heated solutions, and are probably mixtures of molybdenum 3 


Iahli I — Solubility and ErFECTivi oxidation numiur i-or molvbrcnum ion in 
CONCrNTRATFO SULPHURIC ACID 


Sysicm 

Temperature 

Mo m 
solution 

Cdlculaiecl 
solubility 
of salt 

Colour 

Lffective 

oxidation 

no 

oCl, H.SO, 

Ambient 

0 0828 

5 ! 

Light blue 

3 02 

oCI, H,SO, 

180 

1 99 

too 

Olive green 

4 8 

H.SO, 

Ambient 

0 768 

87 

Red brown 

2 98 

,MoCl,. H.SO, 

ISO" 

t It 

- too 

Dark green 

4 5 


igh 6 The 1 80’’ systems show essentially complete dissolution Table 2 summa- 
thc adducts ol SOj with KjMoCI,, formed reversibly at several temperatures 
;ncc (or reversibility in the 64" to 1 80" range was shown by constancy of the six to 
ri/Mo ratio, the molybdenum oxidation state, and the ease by w hich SOj could be 

Tahlf 2 — Sulphur trioxiol adducts of KjMoCI,, at various tfmperaturfs 


Temperature 

No equivalent 
SO 3 molecules 

Colour 

Effective 
oxidation no 

64 

10 

l>ark blue 

1 0 

137 

8 

Dark blue green 

3 0 

155 

6 

Green dark blue 

3 0 

165 

5 

Green blue 

3 0 

180 

4 

Green 

3 0 

194 


Dark breiwnish green 

4 0 


1 to or removed from a given sample by adjustment of the reaction temperatures ’ ' ' 

I the picsencc of the SO, atmosphere, the w'eight of an adduct invarmgly in- 
;d as the temperature was lowered, the weight decreased in a similar way as the 
;rtuic was raised For a given temperature, the percent increase over the original 
oCI,_ weight was constant irrespective of the direction from which this tempera- 
vas attained As a check ot the constancy of the six to one Cl/Mo ratio in the 
:t the reaction chamber effluent was analysed for Cl, none was found, thus 
Jing that addition reactions indeed had occurred 

le 4 0 oxidation number for the adduct formed at 1 94" is consistent with the colour 
;e and gas evolution which occurred within the decomposing liquid at that tern- 
ure, and is included as an approximate upper limit of reversibility The Cl/Mo 
for this adduct was 5 1 indicating loss of Cl during the decomposition 
t determinations of the oxidation states in the fuming acids were impractical, and 
t would have yielded questionable values Therefore, by analogy w ith the colours 
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Is obiaiiicd in 2 M H\(), about h.ilfof the RiiO, uould be piotonalod whieli should 
he cas\ [o delsit 

111 lliL piisi^nt uoik \I mmin’s .issiimptiim lias been furthei cvamined by cleelro- 
iniioa'ion ami spes 1 1 opholoinel i le nieasuiemeiils 

1 \ 1’ I R I M I N 1 A 1 

\/Liit ! i(il\ Mcisi iiiL.isLii cnii Ills Will iiiaili usini; ""Ru ( / ■ 40 ilays ^ -lay energy 0 5 MiV) 

suppliiil h\ (111 Railuiiliiniiial t iiitii Vniiisham I iiglaiiil Solulions ol RiiO, in nilrie and wen. 
piipnid loini \ R Rii( I, hv ilissoliilion in (> N ipsO, boiling till eioliilion ol white lunics and 
o\nli/ing w a h soiliiiin hisiiuil hall " I hi Ru(l, was distilled at 101) and lolliited in the appropriate 
niliii and -ohilion Ihiinhlol this pn paiation pionss w .is usual ly 99 pn icnt T he eoneenti ation 
ol I hi I^uO, in most ixpii iiiii. nis \aiicd hitweiii 10 ' .ind 10 ' M isccpt lor the sohibility espert- 
lueiits Rut 1 1 1 ) solutions 111 iiiti ii .mil weic piepaicd bs adding siUn niti ate to the RuC b solution in 
ml Me li id and til It i mg 

/ /i < , ipi/maii/s I 111 .ipp.ii .ilLis Is dosiiihid in hig I II consists ol a hoii/ontal 

1 1 , ill 1 1 I on ip II mil ill /f iMl h in in lit I uinii I in its 1 1 nli i .ind two sinleiid glass iha phi agms Oat both 



I K> I I liiliomigi ilion appaialus 

i nils I he anode and e.ithoile eomp.ii Intents ( and ( ate eoniieeteJ by salt biiilges 7. to the elcetiode 
lessiN/ "I he eeiilral p.iit IS walei eoolid to t\oiil loss ol Ru( ), by ev ,ipoi ation f he appaiaUis was 
tilled with teidol the s.imc eoneenti .tlion ihiovighout Ade \oltage of 1 10 V was applied and etn tents 
sieie between 40 and 90 ni ^ Alter a luv bouts samples weic taken lioni all three eompartmenis 
'ij>LLii tiplu'loiHL n n iiuiiuii ci)!Lnl\ Speetra weie measuicd with a Beekman l^l) oi UnieamSR500 
Spe’etropholomelei , using 10 mm eelK In some espciiments sodium hypoehlorile was added to avoid 
leduetion ol the RtiO, A small eiior is always mliodutid by deeomposition ol RuO, on ihegiound 
sill flee ol the eill -toppei In latei espeliinents a t.ny Model 14 leeording speetropholoinelei vvas 
used 

lU'i !>l Lhst! ihulKiii idi //n u nts I hese ueie e'ai neil out bv vigoioiis inising of the two 
ph.ises tn a eeiitiituge lube tare was taken to avoid rcduetion ol the tetrovidc during exit. letion by 
.ooiihng leiliteing organie imptinlies 

S<tliihiltr\ t xfH! mu /II X 1 a be! led RuO, was distilled by the mclhod deserihcd above into niti le aeid 
solution eooled in an lee-balh and samples were taken until no me lease in ael iv ity was observed 1 he 
tempeialure ot the solution vaiied between 2 5 t' but the eiroi intioduied by this is ol the ordci ol 
the experimental aeeui.iey only ' ' The euneeniration vvas in this ease also detei mined by adding 1 ml 
ol the niti le aeid solution to 50 ml 8 N NaOl I The i utlienium is thci eby ti an stormed to pet i ulhcnale 
and ean be dclei mined speelrophotomcli ically at tSS m/r 

/ xtiiutimt (// iiilhc niimi mio <11 ifumc xu/i i iifx h\ oxulizim; il to RuO, A concentrated sodium hypo- 
ehloiile solution was added to the Ru(lll) solution and the exliaelion was pertoimcd as dcseribcd 
above 1 he hypoehlorile sokition was prepared by passing ehloriiic through 11 M NaOH 

RISULIS ANI> DISCUSSION 

The electroinigiatioii c\peiimciits sliovs'cd no well defined migration in cither 
diiection (T.ibic I ) 

R P Larsin, L 1 RossandC, KtsstR. IJ S A L C Repot t AN L-58 10 ( 1957) 

H Rimy, A/p-exv C/wm 39, 106(1926) 



Ruthenium (VIII) in nitric acid 
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TABLL I fl If TROMKiUAIION tlh RUO4 IN NIIKIC ACID SOLUIIDN 
(Initial specific activity cif solution in ccntial compartment between 1 "iOl) 
and 2(X)0 counts per inin per ml) 


UNO, 

C’urrent 

1 line 

Specific activ ity (count nun * ml ‘) 

(M) 

(niA) 

(hi) 

C athodc 

Anode 




Ru (VIII) 


1 1 0 

SS 

4 

54 

52 

2 7 

to 

24 

67 

84 

1 0 

60 

t 

10 

62 

1 0 

60 

18 

145 

lUO 

2 7 

0 

12 

177 

KO 




Ru (III) 


1 0 

50 

t 

777 

0 




KMnO, 


1 0 

40 

1 2 

No colouration 

Pink eoloiiration 


hiom the control cvpcnmenls with no ciiiient and with Ri,( III ) solution instead of 
RtiO, it IS cleai that the activity in the anode and cathode compailmcnt conics from 
diffusion only 



Tit, 2 Absor; lion spcctia ol RuO, solutions (1) in water (2) in t M HNO, {') in 
7 S M (4) in 12 M HNO, (S) m CCI, Iheeuives have been displ leeil vcrticallv 

by 100 ordinate units loi sake of clarily 
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ds CC l 4 dnd in 12 IVI nitric acid Althougli earlier measurements of URALNt and Si L ie"" 
gave two pairs of Rli-O distances, I 66 and 2 74 A respectively, Dodd*"' later deduced 
from the infrared spectrum of RuO, that like OsO, it is a regular tetrahedron with 
Ru O distances of 2 23 A This work, like oui results, does not support the reactions 
assumed hy Martin'*' 

Fig 3 shows the lesiilts of the oxidative extraction of ruthenium by kerosene 
Lxpenments wcic perfoimcd ovci a wide range of initial NaOCI concentrations The 
deviations aie rathei laige and theiefore no t]uantitativc expression for the kinetics 
could bedeiived Although the distribution cocllicients arc rather low, and the salting 
cllcct of nitiic acid is pronounced, this method would sepaiate ruthenium specifically 
fiom fission pioduct mixtures 

flic icsults of the extraction expel iments into CCI 4 aie given in Fig 4 Thedistri- 
bution cocflicient decieases with incieasmg nitiic acid concentration and increases with 
incieasing sodium nitiate conccnti ation An attempt has been made to explain this 
behavioui bv othei means than formation of an ionic species 



ELECTROLYTE CONCENTRATION MOLE/LITER 


Fu. 4 Dislnbulion coefhcicnt ol RuO, between nitric acid and or sodium nitrate 

and CCI, 

(1) UNO, 20 C 

(2) liNO„ O’C 

(1) NaNO, 0 06 M UNO, 

(4) NaNO„ 0 24 M UNO, 

It IS of coiiise possible to look at the RUO 4 simply as at a non-electrolyte dissolved 
111 an electrolyte The dependence of the distiibution coclhcient on the concentration 
of electrolyte can be explained as a salting effect salting-in in the case of nitiic acid 
and salting out m the case ol sodium nitrate The expei iinental salting coefficients 
according to the Setclienov equations arc 0 13 liter mole * m the case of nittic acid 
iiid , 0 04 I mole ' 111 the case sif sodium nitrate, compaied to M \rtin s*'*' values of 
0 14 and ' 0 05 icspectively 

( alculations of the salting coefhcient according to McDlvii and Long*'** show 
positive salting coclliciciits up to 20 C. and a slightly negative coefficient at 25 C 
Hills the salting behavioui should depend on the tempeiature At low tempeiatuies 

' It BRAONh and K W Sun l/ieeiv’ C /lem 51,528 (1938) 

’ R 1 Dooo, 7iii/is liii(i<l(i\ Sdi 55, 1480(1959) 

W I MlDivii and F A Lonii J 4mci Chim Soc 74. 1773 (1952) 
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NiY HjO “ (fi) to NiY - (y, Mmilar to the case observed by Sc hwarzlnhac h' '' 
for CoY This argument is m agreement with the present results, since NiY H,0- 
will have a spcctium similar to that of NiYH H_,0 , as in the ease of CrY H_,0 and 
CrYH H._.0 Also, it is not then necessary to assume that m the case of CuY- 
and CoV“ , where geometrical isomcis have not been reported, one water molecule 
IS present in the hist coordination sphere 

In the case of normal copper and cobalt EDTA complescs. it is difficult to undci- 
stand why piotonation of an already free carboxyl group should bring about the 
observed large differences m spectral intensities if we assume coordination by water 
On the other hand, breaking of one of the metal IZDTA bonds with the introduction 
of new ligands like H_.0, NHj and OH can be expected to affect the absoiption 
spectra appieciably with a trend similar to that observed here The present results, 
thcrclore, do not seem to lend much support to the assumption that one H,0 is 
attached to the metal atom in the normal complex, except possibly in the case of the 
/f-nickel- EDTA complex of JorCiInsin 

Compd! ison of i/ahihry (onstcinis 

The formation constants of mixed complexes (obtained from MY- ) of the type 
MY X may be expected to depend upon the \jn log /(„ value of the MX,, complex 
The observed results show large deviations from this expectation, especially m the 
case of hydroxo-complexes of cobalt and nickel, eg, though OH is a stionger 
ligand than NH, the stability of the mixed aminmo complexes were found to be greater 
This suggests that, besides the average strength of the metal- ligand bond, other 
factors, such as stereochemical, ligand field stabilization, etc , strongly inlluencc the 
formation of mixed EDTA complexes Kida*'^’ pointed out, from a study of senes 
of complexes, that the formation of mixed complex is favoured when the ligands 
involved tend to stabilize the same geometrical configuration Since the ammmo and 
FDTA complexes of Co(ll) and Ni(ll) are nearly octahedral, mixed complexes may 
be formed easily The hydroxyl ion does not appear to favour the octahedral structure 
In the case of copper the observed value (or the hydro xo-complex is relatively high 
This may be attributed, as stated by JoRorNSEN*'”’, to possible stabilization of the 
ground state due to intermixing of the electron transfer states 

Ac/\noHlcil!;enient\ —The dulhors wish to express iheir appreciations to Dr J Shankar, ftead ol 
Chemistry Division, Atomic Energy tstabhshmcnt, Trombay, lor his keen interest and useful 
suggestions and to Dr G S Rao for encouragement, duiing the course ol the woik 

C K JoRorNSiN, /rt f //('w Sdiiul 9, 1162(1955) 

S Kida, Bull Chem 5ue , yu/ion 34, 962 ( 1961 ) 
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NATURE, STABILITY AND BONDING OF THE 
PEROXY GROUP IN PEROXY TITANIUM 
COMPOUNDS 


C C PATiLandG V Jere 

Dtparlmcnt of Inorganic and Physical Chemistry, Indian Institute of Science, 

Bangalore 12, India 

(Reieived 15 Deceiiiher 1962, in tended foini 4 March 1963) 


Abstract Same physicochemical propci ticsof peroxy titanium compounds arc explained bv assigning 
a strained triangular ring structure to the peroxy titanyl group, with a bent and reduced overlap of the 
O O bonding orbitals The stability ol the peroxy group is found to depend on the stability of the 
other ligands The decreasing order of stability ol the peroxy group in the compounds is as 
ox.ilalo maleato nialonato sulphato peroxide of titanium 

OranCjE red peroxy titanium complexes of oxalic,"’ malomc,*^’ maleic"’ and sul- 
phuric"’'” acids were prepared m the solid state, but the corresponding complexes 
of organic monobasic acids (e g propionic acid) and fumaric and succinic acids 
could not be prepared because these complexes readily hydrolysed in solution 
Further, although peroxy titanium perchlorate was prepared in solution, it could not 
be obtained m the solid state, since, on evaporation even at room temperature, 
colourless crystals of titanyl perchlorate, Ti 0 (C 104 L 6I-1>0, were obtained"’ The 
existence of peroxy titanium complexes of oxalic, malonic, maleic and sulphuric 
acids in solution and the solid state indicates that these acids function as bidentates, 
occupying two co-ordination positions When peroxy titanium compounds were kept 
in vacuum, the sulphate complex gave both ozone and oxygen while others ga\c 
only oxygen 

It IS unusual that even m presence of a large excess of hydrogen peroxide or the 
corresponding acid, the compounds retained one peroxy group and one dicarboxylate 
ligand Peroxy titanium sulphate, however, lost its orange red colour, when stored 
over strong sulphuric acid, probably due to the replacement of the peroxy group by 
a sulphate group The peroxy titanyl complexes may have structures of the type 




o-c 


I n — 


O-C 


H,0 


H^O 


Peroxy lilonyl oxalate 


D P K.UARKAR and C C Paill, Proc Iiuiinn Acad Sci 44 A, 287 (1956) 

G V Jnib and C C Patll, P/or Indian Acad Sci 57 A, 69 (1963) 

G V Ji-Ri and C C Patll, Proc Symposiu n o i Che lusiiy of Co-ordmalion Compounds Agra. 
Pt II, p 117, Nall Ac.vd Sci , Allahabad. India ( I960) 

M S Mohan and C C PATtc, Proc Symposium on Chcmivlrv of Co-ordmalion Compounds, 
Pi II, p 105, Nall Acad Sci Allahabad, India (1960) 

'''G V JbRE and C C PAm, Canad J Chem 40, 1576 (1962) 

C C Patel and V Krishnan, 2 Sci Indiistr Res (India), 20 B, 604 (1961) 
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Fhi 1 - r Heel of storage on the peroxy oxygen content of peroxy titanium compounds 

KXPERIML NTAL 

T he peroxy titanyl complexes employed had the ratio ot Ti ligand H^O 113, but the ratio of 
Ti O peroxy was not 1 1 even in the freshly prepared complexes in the solid slate and it varied from 
1 0 95 to I 0 88 1 ight yellow hydrated titanyl peroxide had the ratio 1 0 65 These compounds, on 
storing in moisture-tree atm<isphere at room temperature (22 -25 C), showed a slow and a continuous 
loss of peroxy oxygen, as shown in I-ig I The rate of loss of peroxy oxygen is in the tollowing order 
oxalato maleato malonato sulphalo peroxide, the reverse ol the peroxy oxygen contents ot 
the treshly prepared compounds 

Infi a-i ed and electi omc 'spectra 

The infra-red spectra of petoxy titanium compounds were taken with Perkin-hlmer single beam 
spectrometer, model 1 12, employing nujol-mull technique and sodium chloride optic The observed 
bands for the peroxy group and the antisymmetrica! and symmetrical vibration frequencies for 
O — C O in the regions 1750 and 1400 cm ' arc given in Table I 


Tabll 1 — Infra-rhs bands of plkoxy titanyl and o c— o CiRouh ok 

PLROXY TITANYL COMPOUNDS 




/O 


Peroxy titanium 

T iO bands of 

Ti I in cm 
O 

‘ O — C — O irroup bands 

(cm ') 

compounds 



Anti- 



Vi, 

symmetrical Symmetrical 

Oxalato 

1062 

870 

1715 1390 

Maleato 

1080 

890 

1709 1429 

Malonato 

1041 

891 

1667 1443 

Sulphato"*’ 

1005 

870 


Peroxide'”’ 

1053 

885 



'■I G V Jerf and C C Patel, Z Anorg Chem 319, 175 (1962) 
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sjlmm ,Hil Niuuikl olUii .iiui on!\ .it Js C ^.i/linit in I his is not in dLLordniiLC with 

ilic pu'scm c\pcnnK'iii> uhicli s!uh\ s.iltm» in hotli .it 0 C .inJ at 25 C 

Sinnlai l.iIc ulalions loi siHliiim nifi.ilc l’ivc .1 ^.lltmn nic/iicioiit ol 0 17 1 mole 
..innp.iKtl Willi iIk cspi-i imcni.il iLsiih ol 0 04 I mole ' Atlempts to e\pLim these 
cliscicp.HKiLs li.nc nol been sncLtssliil 

I loiji iliL ■.dlubiliiv (.l.iia (Fah/L 2) it is possible t(> L.iicii/.itc an mteinction 
Lc'cllit iL III liLiwcLii lliL RuOj molcLtilLs ilienischcs .iccnrdnis: to the cc/u.it/DiF''' 

S, ) (6) 

whciL / ,/, I-. (Ik i.ilk) (i| .telivilv Loetliiicnts ol s.iUiiatLti soliilitnis in .in e/cciroJylc 
ol (.oiKDili aluin ( andwalci rc^pc(.ti\ol\ .indA iIil ^.ilting c^LtliLicnl at low conccn- 
n.iiion ol iho non-okxtioIvlL' sshkh equals (log /)//J|,)/( ^ S .ind S' .irc the solubilities 
,)l Rut), in walLi .iikI iIk Lleetiolvle solutu'ns exptessed in niole/l The inteiaetion 
eoLirieicnt K shown in Fable 3 


I Mil i 2 Si > 11 nil n \ OF K uOj in \j i rk \( id \\d 

\( 1 I \ I l > ( Ml 11 K II MS ( )! I HF S \ n R M } I) SOI I ' 1 K >\s 


1 1 Nn , int,-nli III, 111 

Si'liihilil> 



mok 1 

molt 1 

Xt-liMlv (.('clhcicnl 

(1 

0 100 


0 9(>l 

0 JO 

0(19S 


0 92 

0 ^s 

(lots 


()9_ 

1) ,S7 

0 091 


0 87 

1 (17 

0 090 


0 87 

1 S', 

0 085 


0 82 

2 (14 

OO.SO 


0 77 

2 

0 07(1 


0 75 

1 01 

0 072 


0 (,9 

t ,so 

0 072 


0 70 

t (l() 

0071 


0 69 

t N7 

0 072 


0 69 

5 U(i 

0 0()7 


0 64 

s 16 

0 071 


0 70 

T-ain 7 In[h<\( iiun < dfih. 

UNI 111 1 \\ 11 N RuO, 

\KH r( 1 

MS 1 ROM 1 OD 

\iiiis (6) 


1 1 NO, ctuK 

Solubilily 

1 og 0//)„ 


( mole 1 ' ) 

(molt 1 ' ) (1 ig 4) 

A, 

0 

0 100 



0 4 

0 105 

0 048 

5 4 

0H7 

0 110 

0 104 

6 2 

1 ss 

0 118 

0 175 

5 7 

2 04 

0 1 25 

0 227 

5 2 

Tho inc.in \ 

Out of A , IS 5 6 1 molt ' 



It IS also possible to estimate roughly the thcnnodynaniiL junctions tor the extrac- 
tion of RuO.i fiom niti ic acid into CC 1, From cxperinients at 0 C and 20 ’C the values 
A/f 2 1 kcal/mole, A/ 2 0 keal/mole and AS 15 e u /mole are found 

Finally activity coefheients of RuO, m saturated solutions have been obtained 
(Table 2) by extrapolation of the solubility data as a function of the square root of 
total conccntiation, (C, , .S') wheie .S' solubility) 

W F McDimi .anti I A Lost., C/i(7» 51, 119 (1952) 
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The absorption spectra of aqueous solutions of the orange red complexes at concentrations 
obeying Beer's law were taken by Hilger UVISPEK photoelectric spectrophotometer, model H7C0, 
with quart? dispersing prism and a 1 cm matched pair of quart/ cells In each spectrum, a broad 
absorption band of weak intensity with maxima at 380 (e ^ 749), 372 (e - 656), 378 (e 814) and 
410m/('“’ (e =- 652) was obtained for the peroxy group of the oxalato, maleato, malonato and 
sulphato complexes respectively 

Dissociation of the compounds in solution 

The dissociation of the peroxy titanyl compounds in water can be expected to occur as follows 

TiO.X ! H^O TiOX ; H.O, (1) 

TiO.X + xH,0 ' [TiOj aq-M - X- (2) 

where X is dicarboxylatc or sulphate group The dissociation according to the Equation (1) was 
investigated by the molar ratio method of Harvey and M anninc.'*", as given in Table 2 The disscKia- 
tion according to 1 quation (2) was studied by the electrical conductivity of their aqueous solutions 
employing bright circular platinum electrodes set at I cm distance In these experiments, the con- 
ductivity due to a small amount of H,0. formed according to the Equation (1) was neglected, since 
its specific conductivity IS 2 10 “ The AT values found lor the peroxy 'itanium compounds are 

oxalato 1 32 10 maleato I 88 10 ^ and malonato ^ 2 56 10 ’ The conducts ity for 

the sulphato complex could not be studied in water, since it hydrolysed giving rise to precipitates of 
hydrated titanyl peroxide 


1 AHLL 2 —Dissociation const anis ior the peroxy riTANVL group 

Ot COMPLEXES BY THE MOLAR RATIO METHOO 




Concen 

Dissociation 

Peroxv iHanyl 


(molc,l ) 

constant 

complex 


10' 


K 

(Oxalato 


4 59 

0 08 

10" ■ 

Maleato 


3 76 

1 9 

10 ■ 

Malonato 


1 67 

2 8 

10 - 

Sulphato 

(m 1 5 N H.SOJ 


3 25 

6 4 

10 ' 


DIbCUSSION 

Nature and bondmj^ of the peroxy group in peioxy iiianiuni lotnpounds The nature 
of the peroxy group in titanium compounds can be understood from a knowledge of 
the stability and the nature of the peroxy group in hydrogen peroxide, dialkyl per- 
oxides and alkali and alkaline earth metal peroxides Hydrogen peroxide has a skew 
configuration,*"* which becomes less pronounced in dialkyl peroxides and tends to be 
linear with higher alkyl groups Thus, tertiary dibutyl peroxide has almost a 
linear configuration All these compounds arc quite stable at room temperature and 
do not give off oxygen under normal conditions The alkali and alkaline earth metal 
peroxides are ionic in nature with ion in the solid slate The temperature of 

'’'C C Patll and M S Mohan, A'ow/c, Z-wiif 186,803 (1960) 

'"'A E Harvey and D L ManmMi. d Inter I hem So< 72,4488(1950) 

11 III A Cu riiBERT son and O M a ass, A Aniei I hem Six 52,489(1910) 

S C Abrahams, R L CoiiiNandW N Eipscomb, 4iiaCi\\! 4,15(1951) 

'■’A D Walsei, y Chem Soc 398 (1948) 
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decomposition of the peroxy group of these peroxides is quite high'*'” (> 450"’ C), com- 
pared to that of the peroxy titanium compounds,*^'** which decompose around lOO^C 
Alkali and alkaline earth metal peroxides give no infra-rcd absorption bands, 
attributable to the peroxide ion Hydrogen peroxide in its vapour state also does 
not give any evidence for the O — O stretching frequency, but m its condensed state, 
it gives a weak band at about 880cm ^ due to the 0—0 stretching vibration 
Dialkyl peroxides also give a weak band in the region 830 890 cni ‘ due to the O— O 
vibration •''' On the other hand, peroxy titanium compounds give two bands around 
1050 and 880 cm characteristic of the peroxy titanyl group These bands arc absent 
in titanyl oxalate and titanyl hydroxide The occurrence and position of these two 
bands in peroxy titanium compounds indicate the absence of an ionic bond between 
titanium and the peroxy group and a non-lincar nature of the peroxy titanyl group 
The unstable nature of the peroxy group, the orange red colour ot the compounds 
and the position of the two infra-red bands suggest that the peroxy group in the 
titanium compounds has neither the skew configuration of hydrogen peroxide nor 
the almost linear conliguration of the higher dialkyl peroxides Their thermal 
instability suggests a strain in the peroxy group All these properties could be 
explained by representing the peroxy group by a ring configuration*'^' 

O' ' ^ 

- Ti and not as Ti O OH or Ti — O O Ti 

O 

The skew conliguration of hydrogen peroxide*'-' is due to the electrostatic repul- 
sion between the lone pairs of electrons, which are mutually perpendicular to each 
other on the O- O group In the ring structure, the O — O bond is twisted away 
from the stable skew conhguration of hydrogen peroxide This will result in the lone 
pairs becoming nearly parallel and facing each other Such a configuration would 
cause increased electrostatic repulsion between the two oxygen atoms, resulting in a 
reduced overlap of the bonding orbitals of the O O group 

Normally, titanium exhibits six co-ordinate valency, forming octahedral complexes 
with d**.v/7'' hybridization In the ring conhguration, the O-Ti-O angle is expected to 
be about 90’ and this should not change much The valence angle of each of the 
oxygens in the triangular conhguration will then be about 45°, which is not feasible 
In general, the valence angle of oxygen ranges from 94 5" in trimethyicne oxide to 
124° m diphenyl ethers *’‘'' Only in ethylene oxide,"®' which has a strained triangular 

H.C I 

o 

ring, the valence angle is 61 6° Thus the oxygen angles of the peroxy group cannot 
be as low as 45° To maintain a O-Ti-O angle of about 90° and also to satisfy the 

H Treatise on Inorganic Chem , Vol 1 (translated by J S Anderson) Elsevier, Amsterdam, 

(1956) 

(141 G V Jfre and C C Patel, / Inorg Is/ucl Cheni 20, 343 (1961) 

E G Brame, S Cohen, L Marorave and V W Melociie,/ Inorg NucI Chein 4, 90 (1957) 
R L Miller and D F Hornio, / Chem Phys 34,265 (1961) 
a’lG J Minkoff, /'ruf Roy Soc 224 A, 176 ( 1954) 

C C Path and G V Jerf, Proceedings of 7th International Conference on Co-ordination 
Chemistry, Stockholm, 304 (1962) 

""S C Abrahams, 0/wrf Rev 10,407(1956) 
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oxygen angles, one would expect a bent overlap of the bonding orbitals of the two 
oxygens, as represented below 

.0 

Such a configuration leads to reduced overlap of the bonding orbitals and consecjuent 
thcimal instability of the O -O group 

Colour and the elec Ironic transitions in O -O group The orange red colour of the 
complexes is due to the peroxy titanyl group Since (Ti02)‘^ has no d electrons, the 
colour of the compounds is not due io d < > cl transitions But the strong deformation 
of the coordinated O— O group postulated atoms might also lead to colour 

The broad absorption bands in the region 370 to 410 mp (e ^ 700) are due to the 
transitions of non-bonding electrons of the O O group to antibonding u-orbitals'-"’ 
(h - >• a) Such transitions arc expected to be weak in intensity 

The shift of the absorption maximum from 410 m/r m peroxy titanium sulphate 
to around 375 m/t in the dicarboxylato complexes may be due to a reduction in the 
strain ol the non-bonding /^-electrons in the O -O group This observation is 
supported by the greater stability of the peroxy group of the diearboxylate complexes 
than that of the sulphato complex Among the dicarboxylato complexes, the shift of 
the absorption maximum is, however, not in the order of the stability of the dicar- 
boxylatc group of the complexes The same applies to the infra-red bands of the 
peroxy titanyl group The causes for these discrepancies are not clear 

Relaliie stability oj the peroxy and the diiaihoxylate groups oj peroxy titanium 
cotiipoiinds The occurrence of the antisymmcti ical stretching frequency of O — C — O 
group at 1715 cm ’ shows predominently coxalent bonding'-''--’ in the oxalato 
complex This character decreases in the order oxalato : • maleato ' malonato 
since the antisymmetncal stretching frequency progressively decreases while the 
symmetrical one increases (Table I) This order is m agreement with the dissociation 
constants determined by the conductivity method 

The decreasing order of stability of the peroxy group in peroxy titanium com- 
pounds IS, in general oxalato - maleato malonato sulphato > peroxide 

'-'"S F Mason, (91/01/ Kei tS, 287 (1961) 

M J SciiMUZ, T Miyazawa, S .Mizushim\,T J Lsni- and J V Qc m.i iano, i/iKiiiir/iiiii 
Aclu 9, 51 (1957) 

J Fuji PA, K Nakamoto and M Kobayashi, / Ph\\ (.hem 61,1014 (1957) 
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THE RATE OF AQUATION OF TRT A5-CHLORO- 
THIOUREABIS (ETHYLENEDIAMINE) COBALT(III) CATION 
AND ANALOGOUS SUBSTITUTED THIOUREA COMPLEXES 

W A Bakfr, Jr and F M Gafssfr 
D epartment of Chemistry, Syraeuse University, Syracuse 10, New York 

{Received 18 ! ebrutiry 1963, in tensed Jotm 21 Manh 1963) 

Abstract The kinetics ol the aquation of [Cotcnl^ttuK I]-' ten cthylenediaminc, tu - thiourea) 
and some analogous substituted thiourea compicves have been studied at 25 C in 5 10“^ M nitric 

acid The reactions arc all first order in complex with rate constands varying from 2 0 10 ■* to 

3 2 10 ' sec ' Analysis of these spectra indicate little or no iia/is products 1 here was no evidence 

for a trails intermediate 

Ri c fNTLY, Ingolij ct rt/ * ‘ ’ discusscd the kinetics and mechanism of the replacement 
of Cl by UjO in a senes of complexes having the general form, nn/ 2 s-[Co(en)jACI]- , 
where A ^ OH^, N, , CC, NCS , NH,, NO,. From a consideration of the rate 
data as well as the stcriochcmical nature of the products they concluded that there 
was a duality of mechanisms operating, i e , 5^1 and S\2, and they further discussed 
various eleclronic effects which determine which of the two mechanisms predomi- 
nates Thus, electron donating groups were interpreted as favouring an 5sl 
mechanism and electron withdrawing groups an i\2 

Since none of the complexes studied contained an orienting ligand (A) in which 
sulphur was attached to the metal, we thought it would be interesting to determine 
how the kinetics and nature of the products for such a complex compared with those 
previously reported This is particularly so since Baidwin'** has observed that 
sulphite ion m a series of complexes (/v-[Co(cii) 2 SOjX], has a strong labili/ing effect 
on the X group and Babafva and Baranov skii'^* have noted the same effect m a 
number of cobalt- sulphite complexes In these complexes the sulphite is known to 
bond through the sulphur, but in neither case are any rate data given 

In order to get quantitative data on a complex which vve felt would have a Co S 
bond, we chose to study frmi5-chlorothiourcabis(ethylcncdiamine)cobalt (111) 
chloride The results of this study, discussed later, led us to a similar consideration 
of a variety of analogous substituted thiouiea complexes, since the spectra of the 
products indicated all or at least a very high proportion of ns product It was felt 
that a study of a series of substituted thiourea complexes would assist in assigning a 
mechanism to the aquation reaction 

tXPERIMENTAL 

Materials 

Unless othciwisc indicated all chemicals employed in this work were reagent grade and used 
without further purification 

C K Inoold, R S Nyiiolm and M L Tobi Nature Loud 187.477(1960) 

For a concise discussion of these and other results see, f BAsoioandR G Pi vrson Suhsiiiutian 
Reactions of Meta! Coiii/deses Advances in fnoiyanic Clieniisiiv and Radiocheniisli \ \ ol 3, 

(Edited by H J EwrirusandA G Siiarpi) Academic Press, New York (1961) 

M r Baldwin, y Cltern Soc 3123 (1961) 

A V Babafva and I B Baranovskii, /?hvv J liioiy C/iem , 404 (1962) 
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[Co(lmi)XIJC 1 was prcpaicd by the method of Bah ar'’’ and purified by the method of Davifs 
|Co(cn) JiiC iJCh was prepaied by adding 0 76g (1 10 Gnoles) of thiourea to 3 0g (1 ■ 

10 ^ moles) of luins- [Co(cn)jC 1..] in 200 ml ol anhydioiis methanol An additional 400 ml of metha- 
nol was added and the solution allowed to stand at room temperature for three days The 
solution was then redueed to approximately 60 ml in a rotating evaporator After about two days, 
dull green eryst.ils appeared which were filtered and washed with methanol and then ether The 
ciyslals were pressed between filter papeis and dried in a desiccator (Found S, 8 91, ionic Cl , 
318, H S7, C, 168 tale lor [C o(en),(C N .U ,S)CI]C U S, 8 89, ionic Cl , 294, H, 5 5, 
C, 16 6",,) 

All ol the analogous substituted thiourea complexes were prepared m an identical manner, 
although III eel tain cases mote extensive washing and recrystalhzation was necessary lor pui ifieation 
Composition was eontnmed by analysis and the visible and ultra-violet spectia 

The fact that the complexes isolated weic trans isomers is shown by the visible spectra, which 
show the splitting ot the 'Aib 'T,t transition lesulting in three peaks in the visible which is char- 
acteristic ol ihe /nin\ I'omers ot t'otlll) complexes The values ol for these three peaks arc 
given in 1 able 1 


1 Aiii r 1 Wwi 1 1 M.rn Ol aiisorpiion mamma ior |Co(en)jAC 1]^' and riiovvc is 

Ol IHl AQUA ItON RLACftONS, [Co(en)jAl FO]-' 



/ (m/i) 

[tcHenJaACI]-' 

) (myi) 

[Co(cn)„AH ,0] 

f blonde 

612 

450 

400 

512 

370 

Thiourea 

615 

455 

408 

515 

373 

N,N'-dicthylthiouica 

613 

450 

403 

513 

372 

Allyllhiourca 

610 

440 

400 

500 

367 

hlhylencthiourca 

600 

460 

390 

506 

364 

N,N -di-2-tolythiouica 

590 

440 

9 * 

- t 

- (• 

PhcnylthioLirca 

600 

445 

392 

503 

362 


* Peak too broad to get accurate reading 

i C omplex was too insoluble to determine kinetics under the same conditions as the others 


kiiieric ineu'^iiiemeiUs 

Solutions ol the complexes were prepared which were approximately 8 2 10 * M in complex 

and 0 005 M in UNO) Ihe complex was dissolved m solvent previously thermostated to 25 :h 0 T 
and the reaction solutions were kept at the same temperature Aliquots were taken at intervals for 
spcetrophotometi le measurements The spectra were taken on a Perkin-FImer 4000-A recording 
spectrophotometer over the range 350- 750 m/i at 30 mm intervals over a period of at least 4 hr 
In order to ascertain that thiourea was not released during the reaction, each complex was also 
studied in the ultra-violet region In particular, the absorbance around 240 m/r was followed over 
a period of time equal to that for which the kinetic data were taken In each case, there was no 
increase in absorbance at the wave length at which the free thiourea absorbs most stiongly, indi- 
cating that at least over that period of time, thiourea was not released The evidence indicates that 
at longer times (two days) some replacement occurs 

Treatment oj data 

First order plots of log (A„ A c,)j{A, — A „) vs F"' were made for observed absorbances at 
approximately 600 and 500 m/i, the absorption maxima lor reactants and products respectively A,, 

J C Bailar, Jr , Inorganic Synthesis (Edited by W C Fernelius) VoI 2, p 222 McGraw-Hill, 
New York (1946) 

<«’E W Davies, / Phys Chem 65, 1328 (1961) 

R G Wilkins and M J G Williams, Modern Co-ordination Chemistry (Edited by J Lewis 
and R G Wilkins) pp 188 190 Interscience, New York (I960) 

'"’A A Frost and R G PEAR<iOi^, Kinetics and Mechanisms p 37 J Wiley, New York (1953) 
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was obtained by plotting /I, vs t and extrapolating to time zero Excellent agreement was obtained 
for A„ from diltcrent kinetic runs A was obtained from the spectra after approximately 48 hr In 
all cases, the log plots gave very nice straight lines from which the rate constants were obtained 
At least three kinetic runs were made for each complex and good agreement betvseen rate eon'-tants 
was observed 

Injra-red nwasiuements 

All infra-red spectra were taken on a Pcrkin-Elmcr Infracord using the KBr wafer technique 
RESULTS AND DISCUSSION 

Since it IS known that thiourea co-ordinates to a large number of metal tons, e g , 
Cu(I), Ni(ll), Co(ll), and Mn(n),'*’"” through the sulphur, we felt reasonably certain 
that It was sulphur-bonded in our complexes Since the possibility of coordina- 
tion through the nitrogen also exists, we made a cursory infra-red study in an effort 
to obtain confirmatory evidence to support our belief Unfortunately, the results 
were not conclusive Bulamy*"’ repoits that the C— S frequency in thioureas falls 
in the range of 1408-1 150 cm ‘ In aO of the thioureas that we studied there is a band 
in the region of 1430-1400 cm ' which apparently shifts slightly to longer wavelengths 
to around 1390-1360 cm * in the complexes Unfortunately, ethylenediammc also 
absorbs in the region around 1350 cm ' so the spectra of the complexes is not un- 
ambiguous There is also a band m all of the thioureas which falls m the region of 
1550 1500 cm"^ This disappears completely m the complex Grlgg"-* has stated 
that such a frequency is characteristic of C--S groups, although this does not seem to 
be substantiated by other workers The results of our work do not therefore, 
prove the conclusion that the thiourea is bonded through the sulphur Presumably a 
more sophisticated study, which ours was certimly not. would settle this point On 
the basis of the evidence available, wc do believe that this is the case 
The rate constants for the aquation reaction 

[Co(cn),(X-tu)CI]-' } HP ► [CO(cn'),(X-tu)Hp]'’‘ Cl 

are given in Table 2 Our value for [Co(en)pK]^ as well as that of Pr arson et a! 
arc given for comparison along with values for other complexes of similar type The 
rate constants alone are not diagnostic of the mechanism of reaction, since the values 
observed for the thiourea complexes arc of the same order of magnitude as those for 
the case A — NH3 and A— Cl”, which have been postulated by Ingold ci al . to under- 
go aquation by different mechanisms"’ Whatever the mechanism it is obvious 
that thiourea has no drastic effect on the rate of aquation 

It IS interesting to note, nevertheless, that phenyl substitution increases the rate 
while all others decrease the rate relative to unsubstitutcd thiourea, and that among 
the substituents studied, phenyl is the only electron withdrawing group All of the 
others are, relative to hydrogen, electron donating Such a result might tend to 

‘*'C B KNonuR, Y Okaya and R Pfpinskv Z Kit'ir 111,385 (1959) 

M NARDbiLi, L CAVAiCAandA Braibanti, Cozzpi/a, 86, 867 (1956) 87.917 (1957) 

"" L J BhLLAMY, The Infra-red Spcctm of Complex Molecule', pp 355 357 J NViley New 5 ork 
(1958) 

'"’E C Gregg, Jr, / Arner Chem Soc 74, 3691 (1952) 

R G Pearson, R E Meeker and F Basolo, / 4mer Client Soc 78. 2673 (1956) 

R W Taet, Jr , Steric Cffeilx in Organic Clicniixirv (Edited by M S Newman) Chapter 13 
J Wiley, New York (1956) 
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argue foi ail 5^2 mechanism However, a consideration of the relative induetivc 
enects"^’ of the eompounds studied predicts, on this basis, the order tu • allyl-tu 
clhylene-tu diethyl-tu for the rate constants This order is not in accord, as can be 
seen from Table 2, with the observed rates In addition, Basolo, el al lound in a 
study ol the inductive effect m substituted pyndincs that such substitution has only 
a very small effect on the rate, and reasoning indicates even less an effect in our 

TAHIE 2 — RaIT tONSlANIS for the 
AouAridNoi [CotcnJoACIl-' at 25 


/\ 

A (SLC ') 10 

oil 

140* 

N. 

2S* 

Cl 

1 6* 1 

N( S 

0 OOS* 

Nil, 

4* 

NOi 

98* 

Cl 

1 8t i 

Ul 

2 9: 

1 ihylciK-lii 

2 51 

Allyl-lu 

201 

Phenyl-iu 

3 2 : 

N N'-iliciliyl-lu 

2 8: 


* Taken Irom refcicncc (I) 

■f Onc-halt the obseivcd rate, ic , value 
for one chloride 
f Our data 

compounds It seems reasonable to conclude, therefore, that the rate constants are 
not necessarily indicative of the mechanisms 

The sterochemical nature of the products is often a great aid in establishing a 
mechanism Study of the spectra of the thiourea complexes revealed a number of 
important facts 

(1) The relative amounts of c/s and Irons products remain constant over a period 
of at least four half-lives of the reactions This is shown by the fact that all the spectra 
for a given reaction over this period of time have several common crossing points 
which do not change with time and also by the fact that the rate constants derived 
from the decrease in absorbance at approximately 610 m/^ agree, over the full course 
of the reaction, with that obtained from the increase m intensity of the product peak 
around 510 m/i. 

(2) The amount of irons product present after long times is at most very small 
We were not able to use the very nice method utilized by Ingold el for a precise 
evaluation of the product composition because we have been unable to prepare the 
pure t/^- and tra«5-[Co(en)2(tu)H,0]'’+ complexes However, inspection of the spectra 
after four half-lives of the reaction shows no detectable trace of irons product The 
irons isomer would be expected to show a strong peak shifted slightly to shorter 
wavelengths relative to the starting complex Since the 610 m/a peak of the reactant 

F Basolo, J G Bergmann, R E Meeker and R G Pearson, J Amer Chem Soc 78, 2676 

(1956) 

C K Ingold, R S Nyiiolm and M L Tore, / Chem Soc 1691 (1956) 
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IS stiU detectable (but barely) after three half-lives (87 percent completion), it seems 
reasonable to assume that the product is at hast 80 per cent cis These two items 
suggest that the t/y isomer is the primary if not the only product of the aquation 
reaction 

There are two reasonable mechanisms that would yield a product that was primar- 
ily CIS An Ss2, Irons attack would be expected to yield 100 per cent of the cis isomer 
while an mechanism going through a trigonal bipyramid intermediate would be 
predicted to yield 67 per cent cis on purely statistical grounds, but higher percentages 
are certainly reasonable 

A consideration of the data in Table 2 would seem to rule out the S\2 mechanism, 
since substitution on thiourea would sterically hinder an incoming group and appre- 
ciable decrease the rate of reaction As is indicated m Table 2, the phenyl substituted 
complex actually reacts faster than the unsubstitutcd and in the other cases where 
slower rates are observed, the decrease is «mall Although it is not possible to quan- 
titatively evaluate the expected change in rates, it seems reasonable that if the mecha- 
nism was primarily an 5^2 Irons attack, larger effects than those observed should be 
expected 

In view of the above facts, we feel that the most logical mechanism is an 5vl with 
a trigonal bipyramid intcrnTcdiate Such a mechanism would be expected to yield 
some Irons product with the per cent irons dependent upon the nature of the sub- 
stituted thiourea In general, the bulkier the thiourea derivative, the greater the 
amount of Irons As previously stated, since we have not been able to prepare the 
pure aquo products, we have not been able to investigate this possibility 

The relative values of the rate constants observed for the substituted thiourea is 
not directly interpretable in any simple terms It would be expected that in the S^l 
as in the 5^2 mechanism, stcric effects would intiucnce the observed rates, and on 
this basis alone, the increased rate for the phenyl derivative is unusual However, 
the observed rates, being so nearly the same, are obviously a result of both electronic 
and steric factors so lack of direct correlation with either is not unexpected 

Finally, it should be pointed out that there is one condition under which any 
conclusion based on our data would be invalid That is. if the rates of isomen/ation 
of the products of the aquation arc very fast compared to the rate of aquation, then 
our data could be obtained by either an 5 n 1 or an ,S\2 mechanism, since under 
these conditions, the sterocheniical nature of the products would have no bearing on 
the mechanism of aquation bor obvious reasons, we are unable to evaluate the rate 
of isomeri/ation 

b Basolo and R G Pfarson, Mcchaiiium of hioi^^aiuc Rcuciioin pp 215-222 J Wiley, 

New York (1958) 
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THE EXTRACTFON OF URANIUM (VI) 

FROM NITRIC ACID SOLUTIONS BY 
DI-(2-ETHYLHEXYL)-PHOSPHORIC ACID 

Takiii Saio 

{jo\criinn.nl Chcmii.dl liiiluslrul Research Iiistriute, 

Honnidchr Shibuya-kii Tokyo, Japan 

(fieceiu’iJ 5 Mai til \^)(i2 in u i ncil fat m 4 Jtil\ 1962) 

khstrait I he par tilron ol uianiuni ( VI ) belwcen mine acid sol ul ions and solutions of di-(2-cthyl- 
hewljdiosphone aeld (DtHI’A) in kerosene base been investigated under varying conditions 
Changes in acidity ot the organic solutions have been measured and infra-red spectra ol the organic 
phases obtained The mechanism ol extraction is discussed in the light of the results obtained 

Iiir extraction of uranium (VI) from sulphuric acid solutions by di-(2-etliylhe\yl)- 
phosphotic acid (DLHPA) has been described in a previous paper,"’ and the present 
study concents tlie meclianism ol extiaction fioni iiiiiic' acid solutions 

I XPr RIMI NTAt 

Dl Hl’A (Virginia Catolina Chemical Coiporation) was puiihcd as described previously'" 

I \ti actions were cai i led out by shaking cc|iial volumes (20 ml) ol DtHP \ diluted with kerosene and 
iiian\l niliale solution containing mine acid m a 50 ml stoppered conical llask at the required tem- 
pciatuic picliiiiinaty expciimcnts showed that cquihbiation was complete in 5 nun Uranium 
cviiacicd 111(0 the organic phase was baek-extracicd with 6 N hydrcKhlonc acid solution, and the 
paitiiion coclhcient was dctci mined as the ratio ol the equilibrium concentrations in the organic and 
aqueous phases IJianium was detcimined by HDTA titration using wienol orange as indicator 
the acidity of the organic phase were determined by adding 2 ml to 25 ml ol 75 per cent elhvl 
.ikohol containing 2 pei cent sodium oxalate solution and titialing with 0 03 N sodium liydroxide 
solution using phcnolphth.ilcm as iiidicatoi 

Inlia-icd spectra were obtained as picvioiisly desciibcd 

RLSlJUrS AND DISCUSSION 

(a) Dt pciititiu c (111 tit It/ (iiitl salient loiHeiilialion 

I ig I shows that tlic partition cocIhcicnt foi cxtiaclioii of uianium (VI) into 
DFHPA Irom nitiicacid solutions decreases with incieasinc aeidily below 3 M above 
I his acidity tlie eurve is similar to that obtained with tii-n-hutyl phosphate (TBP),'"” 
the paitition eoel’Iieicnt meieasmg with aeidity up to 6 M and tlien decreasing again at 
bighet aeidilies I or the similat pattern sluawn by di-n-bul\l pltcvspbone aeid H vrdv’^’ 
and others’" have suggested that at low aeidilies uianium is extiacted bv a eation- 
excltaiige leaction m wbieh hydiogcn ton is hbeiated and at higher activities by a 
leaction similar to that with non-ioiuc reagents 

" r Smo, J /aoig Natl (Inin 24,699 (1962) 

' I KiNMNiNaiidB Wn'MRSiUAM> C //< «/nt- 4/io/i vr 46. 92 ( 1 957) 

' I g.K Alcock Ci T Brsi U HrsroRoandH A C McKav / Inan' \ii(l dum 6, t28(19s8) 
C A llAROY, AIRI Rcpoil R-3267 (1959), / /mi/g Ahc/ (Imn 21,348 (1961) 

' ' r V Hi Ai V and J Kinmov, f linn" Nnd Clwin 10, 128 (1959) 
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NATURE OF THE HYDROGEN ION EFFECT ON 
THE EXTRACTION OF Co(II) FROM AQUEOUS 
CHLORIDE MEDIA BY SUBSTITUTED 
AMMONIUM CHLORIDES OF HIGH 
MOLECULAR WEIGHT 

M L Good, S E Bryan, F F Holland, Jr and G J Mals 

Department of Chemistry, Louisiana State University New Orleans 

{Received 17 December 1962, in levised joi m 27 March 1963) 

Abstract — The phenomena associated with the decreased extraction of certain metals [particularly 
Co(ll)] from concentrated HCl solutions by organic solutions of high molecular weight, substituted 
ammonium chlorides has been investigated The spectra ol the metal species m both the aqueous and 
otganic phases for both LiCland HCl systems have been determined, indicating no spectral differences 
in the species extracted from the two systems The extraction process has been studied as a function of 
the HCl concentiation and infiared spectra of the organic phase containing extracted HCl have been 
obtained Extraction isotherms for the extraction ol the metal ion from 12 M HCl and 12 M LiCl 
have been compaied The results show that at high aqueous HCl concentration, the substituted 
ammonium chloride solutions extract excess HCl, probably in the form ol the hydrogen dichloridc ion 
with excess hydrogen-bonded molecular HCl A possible conclusion from this study is that the ex- 
change equilibrium tor the extraction ol the cobalt anion is displaced by the reaction ol the sub- 
stituted ammonium chloiide with the excess HCl, thus reducing the extractability of the metal 

Previous studies on the extraction and ion exchange behavior of metals which form 
complex chloride anions in hydrochloric acid solutions have shown that extraction 
and adsorption curves of certain metals exhibit maxima at high acid concentrations 
This phenomena is particularly noticeable for divalent cations such as Cofll), Zn(II), 
Cu(n) and Mn(Jl) Also we have observed this effect in In(ill) solutions where the 
extracting species is believed to be InCh,- In an effort to elucidate the mechanism 
involved in this decreased extraction at high HCl concentrations a study of the 
Co(lJ)-chloride system versus organic solutions of high molecular weight, substituted 
ammonium chlorides was undertaken It has been shown rather conclusively that 
these compounds behave essentially as liquid anion exchangers, therefore inforination 
which applies to their behavior should, in general, be applicable to solid state anion 
exchange resins <3 4 8) paper describes and compares the extraction of Co{ll) 

from LiCl and HCl systems by several liquid anion exchangers 

K A Kraus and F Nilson, The sliuctine of Tlectiohtic Sohilionc pp 340 364 and the earlier 
literature cued therein (L'diled by VV J Hamfr) J Wiiiv, New York (1959) 

H A Maui MAN, G' W Llouicoiil and F L Moorf, ,4«o/U Chcm 26.1919 (1954) 

M L Goon and S F Bryan, 7 Inori^ Niici Chem 20, 140 (1961) 

'"A M WnsoN, L CiiURt hill, K Kiluk and P Hovsr pian, /tno/w Chem 34, 203 (1962) 

J fnorj( Nticl Chem In press 

r L Moore, National Academy of Sciences National Research Council, Document No 3101 
December 1960 and the earlier literature cited therein 
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EXPFRI MFNTAL 

Ktati‘ual\ Th(. amines or amine sails used were the following tri-n-hexyl amine — Eastman 
Kodak white label, 2 2-dicthyldihe\ylamine Eastman Kodak yellow label , tricaprylyl monomethyl 
ammonium ehloride General Mills eommtreial eompound (marketed as Aliqual 336), tri-n- 
oetylamme Geneial Mills eommeieial eompound (marketed as Aldminc 336), and triiso- 
oetylmine (julf Researeh development chemieal All of these materials were used without 
subsequent puiihe<ition All other materials weie usual stoek items of Reagent Grade quality 

Pi e\ All evtraetion data were obtained using a traecr teehnique reported picviously'n 
In all eases reported, good phase separation after equilibrium was obtained and no signiheant changes 
of phase volume oeetiired 

Standardi/alion ol the oiganie amine solutions and determination of HCl in the oiganic phases 
was done by a non-aqueous lilialion method using a standard ben/cnc methanol solution of sodium 
mclhoxide with thymol blue as an indicator'"’ One or two endpoints for the thymol blue were 
obtained depending on whclhei excess HCl (that neccssaiy to form the hydrochloi ide plus more) was 
present oi not A icd to yellow endpoint was followed by a yellow to blue endpoint it execss HCl 
were present Both enti points were shaip .md reproducible Folenliometrie cui ves were obtained and 
the eoloLir changes were found to eoriespond to the neutralisation ol the execss HCl (red to yellow) 
and the netilialisalion ol the hydioehleu ide of the amine (yellow to blue) The dilfercnee of the tilers 
ol the two equivalence points gives the concent ration evf the amine itsell The liter of the hist equiv- 
alence point gives the eonecntnition of the exeews HCl in the oiganie solution This same non- 
aqueous titiation has been lepoited by Bi-Riotti and Roi ani)i'“’ and their results on amine HCl 
solutions arc completely m agreement with ouis 

Spectra Ail visible spectra reported vvere obtained using I cm silica cells (in some eases the path 
length was reduced by mseiting 9 mm silica spaecis) in a Beckman Model DK-1 or a Model DU 
Spectrophotometer All cxlinetion eoelheient data was calculated from absorbance measurements 
obtained on the Model DU 

The mira-red spectra were fust obtained on a Beckman Model IR-5 and then repeated on a 
Beckman Model IR-7 Sodium chloride cells wcic used in all eases 

RESULTS AM) DISCUSSION 

Several extractions of Co(II) as a function of the chloride ton concentration were 
earned out Representative curves arc shown in Fig 1 It can be seen here that the 
percent extraction from HCl solutions does not approach very closely to 100 per cent, 
even for those amine hydrochlorides or quaternary salts which show exceptionally 
good extraction properties for complex chloride anions in contrast the extraction 
from LiCl solutions is essentially 100 per cent for the tertiary amines and the quater- 
nary salts and approaches 100 per cent even for a secondary amine hydrochloride 
which has been shown to be a poor extractant for complex chloride anions 
Further evidence of the effect of HCl on the extraction of Cofll) is shown in Fig 2 
As the fraction of HCl becomes appreciable with respect to the LiCl concentration, 
the extraction of the Co(ll) decreases although the total chloride ion concentration 
remains unchanged 

A spectral study of both the aqueous and organic phases of the extraction system 
was undertaken to ascertain the Co(II) species present in each case Apparent 
extinction coefficients were calculated at the absorbance maxima assuming that all 
of the Co(ll) was contained m the species contributing to the particular absorbance 
peak The results of this study are shown in Fig 3 and Table 1 The spectra shown 
in Fig 3 indicate that the principal species presence in 12 M LiCl, in 12 M HCl and 

J S Fritz and N M Lisirki, /twa/W Chem 23, 589 (1951) 

U BcRiorciandG Rolanoi, 7 Jnoii^ Nud Chem 23, 323 (1961) 

M L Goon and S E Bryan, 7 Amer Chem Soc 82,5636 (1960) 
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Fig I — Extraction ol Cotll) from Cl solutions t[Cotll)) uas 0 025 M) Curse 
1 —0 020 M tri-n-hexyl amine in toluene vs LiCI Curve 2 — same as Curse 1 ss HCI, 
Curve 3 — 0 176 M tricaprylmonomcthyl ammonium chloride in toluene vs LiCl, 
Curve 4 -same as Curve 3 vs HCI, Curve 5 — 0 20 M 2 2-dicthyldihexyl amine in 
toluene vs LiCI, Curve 6 — same as Curve 5 vs HCI 



Fig 2 — Extraction of Cotll) as a funetion of [HCI] (total [Cl ] is 12 M and [Co(ll)]is 
0 025 M) Curve I — 0 200 M tri-n-hexyl amine in toluene, Curve 2 0 176 M tri- 
caprylmonomethyl ammonium chloride in toluene 
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tlie extracted organic' phase are all the same This characteristic spectra has been 
attributed to the tetrahedral CoCI,^ by several investigators The apparent 

extinction coeflicient values as tabulated in Table I, indicate that the concentration 
of CoClp in a 8 5 M IICI solution is significantly higher than in an 8 5 M LiCl 
solution, but at 12 M Cl (whether all HCl or LiCl or a mixture of the tw'o) the 
contiibution to the spectra from this ion seems to be essentially the same The 



Wavelength (M/j) 

i-Ki t -Spectra of various Cod 1) solutions Curvet — 0 0249 M Co(ll) in 0 2 M tii- 
iso-octyl amine m lolucnc (0 I cm path length). Curve 2—0 00202 M Cotll) in 12 M 
HCl, Curve 3 0 00199 M Codl) in 12 M LiCl (0 25 M HCl) 

extinction coeOlcient values vary slightly with Co(ll) concentration which would 
indicate that some small fraction of the Co(lJ) is not present as CoCI^^ This would 
be consistent with some recent work by Cotton el which indicates that com- 
plete conversion of the Co(ll) to CoCl 4 ‘''^ does not occur m either 12 M HCl or 12 M 
LiCl However, if one assumes that the extracted species m the orgamc-amine layer 
IS CoCI^^ (and this seems reasonable from the spectra and from extraction isotherms*'”) 
the Co(JI) in the aqueous phase at 12 M Cl ' must be almost completely CoCI,''^ 
In any case the spectral data indicate that the Co(H) species involved in the extraction 

L I Katzin and E GFBERT,y Amer Chem Soc 72,5464 (1950) 

“1' N S Gill and R S Nyholm,/ Chem 5<7c , 3997 (1959) 

D A Fine, / Amer Chem Soc 84, 1139(1962) 

F A Cotton, D M L Goodgame and M Goodgame, / Amer Chem Soc 83,4690 (1961) 
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IS the same for HCl and LiCl solutions, thus the decrease in cxtractability of the 
Co(II) at HCl concentrations above 9 M is not due to the formation of an unex- 
tractable Co(Il) species (unless the unextractable species has the same spectra as that 
of the extractable species) 

To further investigate the differences in the extraction from HCl and LiCl solutions, 
several solutions containing only HCl or LiCl (with 0 25 M HCl) were extracted with 
the organic-amine solutions The only material extracted from the LiCl solutions 
was a small amount of HCl corresponding to the formation of the amine hydro- 
chloride The quaternary salt extracted no detectable amount of HCl or LiCl from 


TaHLF 1 - Sl’LCTRAL DATA FOR VARIOUS Co(II) SOHJIIONS 


Solution composition 

(m//) 

— 

•^max 

(m//) 

“ fill ax 

^ma X 

(m/0 

f miix 

0 00250 M Co^' in 8 5 M HCl 

690 

352 

665 

332 

625 

226 

0 00125 M Co’' in 8 5 M HCl 

690 

360 

665 

336 

625 

228 

0 00256 M Co’ in 8 5 M LiCl 

690 

268 

665 

248 

625 

170 

0 00202 M Co” in 12 M HCl 

687 

550 

662 

521 

622 

352 

0 001992 M Co” in 12 M LiCl 
(0 25 M HCl) 

687 

552 

662 

515 

622 

351 

0 0249 M Co” in 12 M LiCl (0 25 M HCl) 

687 

534 

662 

502 

622 

341 

0 00200 M Co” in 6 M LiCl 1 6 M HCl 

687 

562 

660 

530 

622 

360 

0 00200 M Co’ • in 3 M LiCI 1 9 M HCl 

687 

550 

660 

520 

622 

350 

0 00200 M Co” in 9 M LiCl + 3 M HCl 

687 

575 

662 

537 

622 

365 

0 0249 M Co’'' in 0 2 M tnisooclyl amine 
in trichloroethylene (extracted from 12 M 

695 

542 

665 

506 

625 

365 

LiCl) 

0 0024 M Co” in 0 02 M tri-n-hexyl amine 
in CoH„ (extracted from 8 5 M HCl) 

700 

583 

665 

571 

630 

408 

0 00227 M Co’ in 0 02 M tn-n-hexyl 
amine in trichloroethylene (extracted from 

695 

549 

665 

535 

630 

372 

8 5 M HCl) 

0 0016 M Co” in 0 05 M tri-n-hexyl 
amine in CHCh (extracted from 8 5 M HCl) 

695 

586 

665 

555 

625 

388 


the aqueous solution The results of the HCl extraction are gi\en in Table 2 The 
extraction of Co(ll) from comparable solutions is shosxn for comparison purposes 
In the cases of the two amines, the extracted HCl concentration as shown in Table 
2 IS the acid in excess of the amount required to form the hydrochloride As can be 
seen the amount of excess HCl absorbed in the organic phase increases steadily with 
increasing HCl concentration The actual quantity of absorbed HCl is much greater 
in the case of the quaternary salt than m the case of the amines This corresponds to 
the poorer extraction of Co(ll) from HCl solutions by this quaternary salt as compared 
to the amines Since the quaternary salt appears to be the best extractant for Co(10 
from LiCl solutions (see Fig 1) it would appear that the decreased extraction from 
the HCl solutions as due to the excess HCl which extracts into the organic phase 
Apparently if the tendency to extract excess HCl is high, this reaction competes with 
the CoCl 4 ^' lon-cxchange reaction thus decreasing the overall Co(Il) extraction 
The nature of the HCl in the organic phase deserves some consideration By what 
mechanism does the amine hydrochloride or the quaternary salt extract this HCl'’ 
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In some previous work on HCl solutions of halide salts of organo-nitrogen bases, it 
has been suggested that the formation of the hydrogen dichloride ion (HCia ) occurs 
Infra-red spectra of solutions containing HCl and these halide salts were used to 


1 AllI I 2 

C OMHARISON 

Ol Co(ll) IXIRAC IION Wllll 

( ONC Ol HCl IN ORCiAMC 

PHASE 


0 176 M iri-(.apryl moiio- 
m(.thyl ammonium 

0 158 M tri-n-oetyl 

0 200 M iri-n-htxyl 


(.hloi idc 

111 toluciu 

amine in Uvluene 

amine in toluene 


nDtiibution 

Cone of 

Distiibulion 

Cone of 

Distiibulion 

Cone of 

Cone of HC 1 

co(-liiv,ionl 

excess 1 ICIt 

coe'dieient 

excess HC If 

eoefiicicnt 

excess HC If 

111 aq soil! (M) 

D* 

(M) 

D 

(M) 

D 

(M) 

6 0 

1 14 

0 170 

4 5| 

0 047 

5 97 

0 066 

6 5 

4 69 

0 188 

8 06 

0 064 

8 57 

0 080 

7 0 

7 1 1 

0 023 

12 7 

0 078 

13 4 

0 097 

7 5 

9 15 

0 218 

18 9 

0 092 

19 8 

0 109 

8 0 

1 1 3 

0 232 

22 7 

0 110 

20 1 

0 120 

8 5 

10 9 

0 245 

25 2 

0 124 

26 4 

0 139 

9 0 

10 7 

0 259 

20 7 

0 141 

26 3 

0 152 

9 5 

H 11 

0 272 

182 

0 159 

20 0 

0 171 

10 0 

6 75 

0 286 

12 1 

0 175 

14 1 

0 181 

10 5 

5 34 

0 296 

9 02 

0 188 

10 3 

0 191 

1 1 0 

3 87 

0 317 

5 10 

0213 

5 80 

0 208 

11 5 

2 88 

0 316 

3 78 

0 221 

4 09 

0211 

12 0 

2 01 

0 343 

2 27 

0 249 

2 70 

0 228 


* 1 old! Co(II) cone 'Ads 0 025tvl /J (Co(M)|c,ik/[Co(I1)]hi del (cm)„rk/'-icl 
1 1 hesc values are' eorreele’d lor ihe aniount ot HClwhieh cxtraels into lolucne when the amine is 
not picsent All values are lor the extiactioii ol IlCl from an aqueous solution conlaining no cobalt 

identify the species and a characteristic .ibsorption at 1180 cm ^ was assigned to the 
ion HCU Several infra-red spectra of our organic phases containing either 

the quaternary salt or the amine hydrochloride and excess HCl were obtained In 
all cases a broad characteristic absorption peak of high intensity between 1110 and 
1210 cm ^ with a maximum at 1 170 cm ^ was obtained Similar spectra of solutions 
of the same salts without excess HCl showed no or msignihcant absorption in this 
region Thus it would appear that these solutions have absorbed the HCl in the 
organic phase as HCl^ However, it is true that more HCl is absorbed (particularly 
in the case of the quaternary salt) than can be accounted for by the formation of one 
HCl.)^ per salt molecule (see Table 2) Thus some excess molecular HCl must be 
present, probably hydrogen-bonded to the HCLr Unfortunately the characteristic 
infra-red band for HC) at 2840 cm ^ would be completely masked by the C— H 
stretching frequency of the amines and no spectral evidence can be presented for the 
existence of this molecule in the organic phase 

The most reasonable conclusion from this study seems to be that excess HCl in 
the aqueous phase complicates the extraction process by competing with the exchange 

D Herbrandson and J Weinstfin, d /tmer Chem Soc 76,4046(1954) 

(16) T C WaddincjTON, y Chem 5ur , 1708 (1958) 

(1.) Y PocKFR, y Chem , 1292 (1 962) 

(17) w Gerrard and H R Hudson, Pme Chem Soc 467 (1961) 
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reactions as shown below 

2R,NH'CI (org) f CoCl,-* (aq) = MR-,NH ^),CoCI,2 (org) , 2CI (aq) (1) 
RjNH^Cl - (org) !- HCl (aq) R,NH ' HCI^ (org) (2) 

That such a competition reaction is involved is borne out by the extraction isotherms 
shown in Fig 4 The amine hydrochloride or the quaternary salt loads at 2 1 with 
respect to Co(ll) when the solution extracted contains 12 M LiCl even at low total 
Co(ir) concentrations However, if 12 M HCI solutions arc used this ultimate loading 



hici 4 ---hxiracunn isolherms tor C'o(ll) by 0 200 M iri-n-hexyl amine m toluene 
(equilibrium concern rations ol Co(II) in the aqueous pliase vs those in the organic 
phase), Curve 1 — aqueous solution is 12 M l^iCl(0 25 \1 HCI), Curve 2 -aqueous 

solution IS 12 M HC'l 

of 2 I IS approached only as the Co(l I ) concentration IS increased to quite high levels 
It should be pointed out tliat this study docs not eliminate the possibility of the 
formation of HCoCI, or H,CoCl, m the solutions contain mg high HCI concentrations, 
provided the spectra of these acid species are essentially the same as that for CoCI,- 
Thc formation of these species could account for the decreased extractabihty from 
HCI solutions as compared to LiCl solutions However if this were the cause of the 
decreased extraction one might expect the decrease in the extraction efficiency of the 
quaternary salt to be the same as that for the amine hydrochloride Since this is not 
the case and the greater cllcct is shown by the quaternary salt which extracts more 
excess HCI, it would appear that this excess HCI must be involved m the process 
which decreases the extraction However, it is certainly possible that some combination 
of these two phenomena may be instrumental in the decreased extraction of Co(ll) 
from highly concentrated HCI solutions by ciuaternary salts and amine hydrochlorides 
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APPLICABILITY OF CERTAIN ORGANO PHOSPHORUS 
EXTRACTANTS TO ENVIRONMENTAL AND 
BIOLOGICAL RADIOACTIVITY SURVEYS* 

D F PbPPARD, G W Mason and C M Andruaskh 
A rgonne National Laboratory, Argonne, Illinois 

{Received IS January 1963, in levited form 22 February 1963) 

Abstract --T he applicability of certain organo phosphorus extractants to environmental and bio- 
logical radioactivity surveys has been demonstrated Sfiecifitally, a solution of mono 2-ethyl hexyl 
phosphoric aetd, HjMLHP, in a hydrocarbon and/or chlorinated hydrocarbon diluent has been 
shown to extract radioactive Cetlll), Pin(lll), Y(III), Ani(lII), Pu(lll), Th(IV), Np(IV), Pu(IV) and 
U(V[) from acidified human urine with sufficiently high K values to permit basing a schemeof analysis 
for such radioelements upon liquid-liquid extraction 

1 he specific K value is strongly dependent upon the valence of the element, permitting a partial 
mutual separation of the above set of elements through use of the H.MLHP (hydrocarbon and/or 
chlorinated hydrocai bon) vs Ht 1 system These separation possibilities are multiplied by intro- 
duction of negative synergist, specifically 2-ethyl hexanol-1, which serves to progressively inactivate 
H.MFHP Consequently, under certain conditions, M(lll) may be sciubbcd from an extract leaving 
M(1V) and M(VI) m the organic phase, but tinder another svt of conditions involving a greater 
relative concentration of negative synergist, M(V1) may be scrubbed from the extract leaving M(1V) 
in the organic phase Further mutual separation is accomplished by means of extraction with di 
2-ethyl hexyl phosphoric acid, HDhllP, this extractant serving to separate Y from Pm Cetlll) and 
Am and to separate Ce(IV) from Pm and Am Finally, extraction with tri n-octyl phosphine oxide, 
TOPO, IS utili/cd in the separ.ition ol li(VI) ftom Pu(lll) 

Through use of selected diluents of dillcrent densities, the org.inic phase has been made the 
upper or lower phase in accordance with maximum ease ot manipulation 

Flow sheets h.ivc been devised and tested Advantages ol the techniques are discussed, and other 
areas of application arc suggested 

Oni of the attractive features of liquid liquid extiaction systems involving acidic 
organo phosphorus esters as extractants is the fact that many of the metals pertinent to 
environmental radioactivity surveys may be extracted quite efficiently despite the 
presence of a mineral acid tn appreciable concentration in the aqueous phase The 
reported studies of types of extractants include (GO)FH3(OH)j,'‘' (GO),PO(OH),'“’ 

* Based on work perfoi med under ihc auspices of the U S Atomic Energy t ommission 
"'(a) D F Ph’I’aro, G W Mason and R 3 Sironfn J Inort,’ b>ucl Clicin 10. 117(19S9) 

(b) C G Warrin and J F Surrer, / Inoi" Nucl Ch<m 12,3^6 (1960) 

(c) G W Mason, S McCariy and D E Pfi’Paro, V liioii; Suet Cliem 24,967 (1962) 

(d) R D BAVBAR^andR F Eruzr, (Vm</ Si leiicc and Eii<;iii; 11,90 (1961) 

'■'(a) D F Pi PPARO, G W Mason, J L Maifr and W J Driscoi i J /iioig Nik/ Clieni 4,334 

(1957) 

(b) D E Pfpparh, S W MoiiNbandG W Mason J Inoii; Suet C/uni 4. 344(19S7) 

(c) C F Bafs, Jr , R A Zinoaro and C E Collman, / Fhw Chem 62. 129 (1958) 

(d) D F Pippard, G W Mason and S McCartv.Z Inorr; Suet Chem 13. 138(1960) 

(c) D Dyrsscn and F Krasovfc, 4cta them Scand 13, S61 (I9S9) 

(f) E Nakamura, B«// Chem Soe 34, 402 (1961 ) 

(g) 1) Dyrssln and E D Hay, Acta Chem Scand 14, 1100 (1960) 

(h) G Duyckaerts, P Drfze and A Simon J Inoii^ Nittl Chem 13.3 32(1960) 

(i) K Kimura, B«// Chem Sac Japan 1038 (19(i0) 

(j) K Ktmura, 5«// Chem Sac Japan 34, 63 (1961) 

(k) D F Plpparo, G W Mason and S W Moiinf J Inory SucI Chem 5. 141 (1957) 
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both (GO)PO(OH)j and (GO)jPO(OH).*’> separately and m admixture, (GO)G'PO 
(OH),*'*’ and (G),PO(OH),‘‘’'' where G and G' are organic groups 

The extraction-inhibiting effects due to hydrolysis of the metal and to its co- 
ordination by the moie commonly encountered complexmg anions, are, in general, 
minimized by increasing the concentration of free hydrogen ion as is the tendency for 
tracer-level metallic species to adhere to surfaces Consequently, these acidic organo 
phosphorus esters seemed promising as efficient extiactants for metallic radioactive 
nuclides contained m solutions prepared from environmental samples following 
suitable treatment, the extract might then be used as the basis for the determination of 
nuclides 

From the multiple vicwpoinis of universal availability of sample medium, re- 
producibility of data the presence of a number of inhibiting anions (whose effects 
must be overcome) including those of line, hippunc, oxalic and sulphuric acids and 
of the acids of phosphorus, and the direct pertinence to the problem, human ui me was 
chosen as the sample medium Accordingly, the extraction behaviour of tracer-level 
radioactive Ce(lll), Pm(lII), Yflll), Am(lll), Cm(lll), Pu(lll), Th(IV), Np(lV), Pu(lV) 
and U(VI) in a system comprised of a solution of mono 2-cthyl hexyl phosphoric 
acid, HjMEHP, in a variety of earner diluents as the extractant phase and urine acidi- 
fied with hydrochloric acid as the opposing phase was investigated 

The variation of extraction and re-extraction conditions with the purpose of 
effecting the isolation of individual members of the foregoing senes from an admixture 
was then investigated 

(A study of the extraction of Th and U(VI) by di[para(l,l,3,3-tetramcthylbutyl) 
phenylj orthophosphoric acid, HDO^P was included in order to demonstiatc the 
inhibiting effect of complexmg substances present m the urine ) 

Finally, the incorporation of extraction systems involving di 2-cthyl hexyl phos- 
phoric acid, HDtHP, and tri n-octyl phosphine oxide, TOPO, into the overall flow- 
sheet for the purpose of final isolation of certain nuclides was investigated, and 
certain final volume reductions were accomplished through the use of “octyl pyro- 
phosphate” as extractant **'” 

(a) R R Grinsflao, K G Shaw and R S Lono, Procceilintfs oj the Inicrnatiunul Cotijercnce on 
the Peaceful UiLS oj Atomic Energy Genet'a, 1955 vo] 8 p 71 United Nations (1956) 

(b) C A Blak.!, Jr , C F Baes, Jr , K B Brown, C F Coi fman and J C Wiynr, ProceeJini's 
of the Seiond International Conference on the Peaceful Uses of Atomic Enetgy Geneva 1958 
vol 28 p 289 Uniled Nations (1958) 

(c) C A Blake, Jr , C F Baes, Jr and K B Bk.o'wn, Inilustr Eiif^nir Chem 50, 1765(1958) 

(d> D F Pepparu, G W Mason, W J Driscoll and R J Sironen, J Inorg Niicl Chem 7, 

276 (1958) 

(e) D F Peppard, G W. Mason, W J Driscoi i and S McCariy, 7 Inori^ NucI Chem 12. 
141 (1959) 

(f) D C Maoioan, J Appl Chem 9, 252 (1959) 

(g) A S Chernvak and M L Navtanovich, / Appl Chem (USSR), Eng Trans 33, No 1, 
82 (1960) (Consultants Bureau Translation ) 

(h) V B Shevchenko and V S Smeiov, J NucI Eneipy, Part A Reacloi Science II, 196 
(1960) 

(a) D F Peppard, G W Mason and I H ocher, / Inorf^ NucI Chem 18,245 (1961) 

(b) D F Peppard, M N Nambocjdiri and G W Mason, 7 Inorg NucI Chem 24,979 (19621 
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hiir 1 V.inilion I'l puiililion coLltii.n.iil wilh mint. ,icid contcnlialion tor llic e\- 
of ui inium (VI) by soliilions ol Dl HI’A in Kcioscnc (Iil;iiics on CLir\cs ait 
ni HOV (-Diucnli.Uions, M) nO.lNO,) 5 l;;J 20 C 


II wo asMimc that Iho initial i.ici.ieasc in paililioii tncfticitnt shown in I ig 1 is 
goveineci by an lon-cxchangc icaetion siinilai to ihiit in the extraction of iiraniiiin (VI) 
fiom siilphuiic ackl solution by I^bHI’A \\7 

UO,- (a) 2(l!\)_,(o) - UO,X,H,(u) 2H (a) (1) 

wheie X lepicscnts the anion {C^H|;())jPO_, . while (a) and (o) aie indicative of 
ac|ueous and organic phases rcspcclivcly then the billowing lelationship would be 
obtained 


log4/:i log A. 2 1og(C’. fC, )/( ||, (2) 

where Ti is the paitition coclhcient, A the cc]uihbrium constant, C\ the total DI'IIPA 
concentiation C , the oiganic phase uraniuni concentration and C,, the aqueous 
acidity However, when values of log A, were plotted vs log (A’,, — 4C|,)/C|, in 


**’ C A Blam Jr , C 1- Bais, Jr K B Brown, C h CoerMAN and J C Wmrr, The Pioiciilini^s 
of the Second Inleiiuilional ConleiiiKi' on the Peadju! Uses of AtomH I niri^'], Oenem IVISS Vol 
28, p 289 United Nations (1958) 
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hXPERlMENTAL 

Nontenclaliire 

Mono 2-cthyl hexyl phosphoric acid and bis 2-cthyl hexyl phosphoric acid, respectively repre- 
sented structurally as (EHOjPO(OH)i and (EHO)jPO(OH) where EH signifies the 2-ethyl hexyl 
group, are respectively represented symbolically as HjMEHP and HDEHP In this usage, •‘lo 
the symbolic equivalents are H, a theoretically lonizable hydrogen atom , M, the prefix mono D, 
the prefix di (used interchangeably with bis), EH, the 2-ethyl hexyl group, and P, the phosphorus 
in an ortho phosphoric acid structure Similarly di[para(l ,1 ,'l,I-tctramcthylbutyl)phcnyl] phosphoric 
acid IS symbolized HDO</iP, the “0</i”group signifying “rx.tyl phenyl ’ ( This compound is sometimes 
referred to as di par.i octyl phenyl phosphoric acid ) The product purchased as octyl pyrophosphate 
IS of unknown composition but probably contains both acidic and neutral esters of both ortho- and 
pyro-phosphoric acid Tri n-octyl phosphine oxide is represented as TOPO 

The phosphorus ester is referred to as the extractant, and the solution of the ester in a carrier 
diluent IS considered the extractant phase 

The liquid in which the extractant is dissolved is termed the carrier diluent, without reference to 
participation in the extraction mechanism The diluents arc definitely not to be considered inert 

A component added to the extractant phase for the purpose of depressing the distribution ratio 
of a given nuclide is considered a negative synergist ’ 

The distribution ratici. A", for a specific nuclide is defined as the concentration of nuclide in the 
organic divided by the concentration of nuclide in the aqueous of the two equilibrated sensibly-im- 
misciblc phases, the concentrations being considered dirv.clly proportional to the radioactive<ounting 
rates ot samples prepared, under standard conditions, from suitable aliquots of the phases 

Source's of matvnuls 

The HiMEHP,'''’ HDEHP'^’ and HDO<^P''' extractants were purified as described previously 
using mixtures obtained from Victor Chemical Co as the starting material Victor Chemical Co was 
also the source of octyl pyrophosphate, a viscous liquid 

Tri n-CKtyl phosphine oxide, (n-CsH,;)aPO, TOPO was obt, lined from Eastman Organic Chemical 
Department of Distillation i’roducls Industries and treated as previously described'''’ before use 

I he 2-ethyl hexanol-1, used as a negative synergist was obtained from I'nion Carbide Chemical 
Co and the n-heptanc from Phillips Petroleum Co 1 he n-heptane was pre-conditioncd before use 
in the Ce(lV) extraction, as described previously 

T he /i-active tracer nuclides, 285 day "*Ce, 2 6 year "'Pm and 58 day “'Y were obtained from the 
Isotopes Division of the Oak Ridge National Laboiatory The x-ictive tracer nuclides 470 year 
"‘Am, 18 year "'Cm 2 45 10* year "“Pu, 2 2 10' year "'Np 1 6 lO' year -■"'L' mass 

ratio less than 0 05) and 8 0 10* year "•‘"Th ("n h ""Th mass ratio 0 1 ) wercoblained from Argonne 

National Laboratory stocks Each ol the loregoing tracers was further purified bv means of liquid- 
liquid extraction techniques 

Most of the urine samples were supplied by the same individual and, in general represented 
24 hr composites 

Preparation of samples 

Each urine sample, upon receipt was acidified with 0 01 of its volume of 10 M HCI (In general 
a composite sample was acidified within 48 hr ol the first collection ) 

Portions of these acidified samples of urine were then used both as ‘scrub phases and as feed 
phases (following addition of radioactive nuclide) 

Preparation of pteen lalenec stale of nuclide 

Both Ce(IlI) and U(VI) arc stable species under the conditions employed so no especial 
precautions were taken 

Neptunium was obtained as Np(IV) by treatment ol slock Np tracer in aqueous HCI with 
fiydro-quinonc 

Plutonium was utilized both as Pu(III) and Pu(IV) 

The former, Pu(III), was obtained by reducing stock Pu tracer in i M HCI with 0 I M hvdro- 
qumone followed by dilution to 0 5 M HCI and subsequent cxtr.iction of residual Pu(lV) into a 02 

'’’’D F Peppard, J R Ferraro and G W Mason. J Inorp Niiel Cliem 7, 231 (1958) 
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M solution of thciioylt>-inuoioacclonc (HflA) in benzene diluent leaving Pu(lll) in the aqueous 
phase 

The latlei l’u(IV), was picpared by extraction into 0 2 M H ITA (in beiuene) from a 0 5 M HCI 
solution of stock Pu traeci eontainmg NHjNO. followed by re-extraction from the H PTA phase 
into ^ M UCI 

Di‘li'1 niiiiiiiioii of ilisn il>iiii(>n lalios 

The disliibution i.itio, A of a speeifie nueliele was detciniined as repoi ted in previous studies 
In diieet Lxliaelion the tiacci ladloaetoc nuelide was extiaeted horn an aqueous into an organic 
ph ISC In rewerse cxir.iclion tlic nuclide was rc-cx(r.ic(cd from an organic into an aqueous phase 
I or iss IV known aliquots ol the centrifuged phases wcic cv.iporatcd, by induction heating, on 1 mil 
platinum disks ] in in tli imetei 1 hesc s.imples weie tlicn subjected to alpha and/or beta counting 
using suitable aluminum .ibsoihers as needed 

The Am and Cm data aie essentially identical Thcicfoie, only Am data are repoi ted in detail 

All data weie obtained at 22 ' 2 C’ 

Itslini; oj /Ion '■hi'tl'- 

Mcasuied quantities ol assayed solutions of the speeilie nuclides in approximately 10 M IICl were 
added to <1 500 ml sample ol urine after aeidilication with 5 0 ml ol 10 M HC 1 (7 he total volume of 
tracer solution added was less than 0 1 ml ) Phe total sample then contained .ipproximately 2 10’ 

disintegration/min of each iracci employed (It should be noted that in the piescntation ol data no 
attempt to eonveit eounts/min to disintegrations/min, since within expel imental crroi the conversion 
factor under given counting conditions is the same for the sample prepared from the equilibrated 
organic phase as lor one prepared from the coricspcmding equilibrated aqueous phase ) 

Standaid separatory tunnels and stoppered cylinders weie used 1 xcept vvheic separatory funnels 
were employed, tiansleis were made by means ol transfer pipettes (These were fabricated tiom 12 
mm o d glass tubing diawn down to .ipproximately 1 5 mm o d .it the lower 5 in and to .ippioxi- 
mately 5 mm o d at the top The bulb is Pilled by suction applied by a hypodermic syringe attached 
to the top ol the pipette through a short length ol rubber tubing ) I hese pipettes were considered 
expendable, and vveic not reused for Icar of introducing contamination at a latei step 

Con t let pcnotls of 1 min were employed 

bin.il individual pioduets were identified, and respective radiochemical puiitics proved to be in 
excess of 95 per cent by a combination ol -x-pulsc analyses determination ol //-absoi ption curves and 
application of further separations techniques Ftir example, an alpha pulse analysis of the Pm-Am 
product showed the piescnce of less th.in 5 per cent extraneous a-nctivity in the activity associated 
with -“Am 

RhSULTS AND CONCIAJSIONS 

Coinpardtivc extraction data for Th(IV) and U(VJ) from acidified urine into 0 I 
F solutions of HDO<?!-P and of in carbon tetrachloride diluent, arc pre- 

sented in Table I An extremely large inhibiting effect at lower acidities is demon- 
strated by the HDO^P Th data From the data reported for the HDO^P (toluene) 
vs FlCl system*-'' and from data presently obtained for the HDO</iP (CCli) vs HCI 
system it may be concluded that the K values for Th from 1 0 M H* and from 0 1 M 
H* should be greater than 10*’ and greater than 10’® respectively These figures arc to 
be compared with the observed respective values of I 0 10'* and 12 

Further, in the absence of an acid-sensitivc inhibiting effect, the K for Th should 
vary inversely approximately with the fourth-power of the concentration Instead, 
it increases with increasing H+ concentration It is, therefore, concluded that the 
inhibiting effect, presumably due to complexmg of Th"** in the aqueous pha.se, is 
highly acid-sensitive, increasing rapidly with decreasing acidity 

The inhibition of the extraction of U(VI) in the same system is far less marked 
The A values for U( VI) into 0 1 F HDOs&P (CCL,) from 1 0 M and from 0 10 M HCI 
respectively, no other solutes present, are approximately**” 2 > 10* and 5 x 10^ 
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The K values for Th into 0 1 F HgMEHP (CCI 4 ) from TO M HCI and from 0 10 
M HCI, no other solutes present, are too high to be measured , but from an extension"" 
of reported<^'^>‘'> studies, lower limits may be set It is concluded that the respective 
values are greater than 10’ and greater than 10* A large inhibiting elfect is operative 
m this system also However, the K values for Th increase with decreasing H 
concentration 

Again, the inhibition of the extraction of U(V1) in the same system is relatively 
minor, the K from 1 0 M H' (Table I) being almost identical with that from 1 0 M 
HCI, no other solutes present 

TaBIF I -tilSTRIBUnON RATIOS OF Th(lV) AND U(VI) INK) 0 10 F HDOi^P AND 
0 10 F HiME-HP (carbon tetrachi oridf diluent) from acidufd urine, Ki/fv 1 0 


At 


0 10FHDO.^P 0 10FH,MhHP 

— 


(M) 

Th 


H(V1) 

Th 


U(V1) 


0 10 

12 


1 2 

lO” 

1 8 - 

to* 

3 7 

to* 


0 20 

56 


5 9 

1C* 

1 6 

10* 

22 

to* 


0 50 

54 

10- 

1 6 

10* 

1 1 

to* 

1 5 

to* 


0 75 

49 

10^ 

1 2 

to* 

9 6 

to* 

95 

10* 


1 0 

1 0 

10^ 

88 


4 1 

to* 

4 6 

to* 



* Hypothetical acidity calculated on the basis of added HCI. disregarding buffering 
action of other components of the solution 

t All K values of Table I obtained with aliquots of a single composite urine sample, not 
the sample ol Tables 2 and 3 but supplied by the same individual 

From the data of Table 1, it was concluded that a 0 10 F HjMEHP (CCI 4 ) vs 
acidilicd urine (“0 1 M H'") system could be employed in effecting the transfer of 
Th(IV) and U(VI) from a urine sample to an organic phase 

The extraction behavioui of selected lanthanides (IH) and actinides (111) as a 
function of H+ concentration was then investigated Chlorobenzene was employed as 
a diluent in this study, but since, the K for actinides ( 111 ) and lanthanides ( 111 ) in 
H,MEHP vs HCI systems is relatively insensitive to the diluent employed, if the 
diluent IS neither a hydrogen bond donor nor acceptor,"’* the data may be considered 
comparable to those in a system employing carbon tetrachloride as diluent In Table 
2 these data arc picsented along with those for Th Pu(IV) Np(lV)'’. Pa and U(\ I ) 
It may be noted that the Th and IJ(VI) data are closely comparable to those of 
Table 1 From Table 2, it is evident that M(in) M(1V) and M(V1) may all be e\- 
tiacted with acceptably high A values from 0 1 M H with the exception of Np(l\) 

( The data for Pa, presumed to be present as Pa(V), are included for comparison ) From 
published data"'" and extended study'” of the extraction of Np(l V) by H ,MEHP from 
1 fCl the A values fpr Np(l V), in the absence of inhibitory etlects would be expected to 
exceed lO** at each of the H ' concentrations employed The extraction of IJ(IV) has 
been investigated only at H' concentrations greater than 6 M. the A being greater than 
' 10^ From these data, it is evident that II may be extracted as C( 1 V) or LI(VI) 

“’D F Pfppard, O W Mason .ind S M( Carts Unpublished d.it i 
O F Peppard, C) W Mason, R J Raridon .ind S McCxriv Linpublished data 
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* Hypothetical acidity calculated on the basis of added HCl. disregarding buffering action of other components of the solution 
+ Ail K values of Tables 2 and 3 obtained with aliquots of a single composite urine sample Each nuclide separately present, except for “ Pm and 
^Am vvhich w'ere simultaneously present The valence indicated is that of the nuclide as added to the acidified urine samples 
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and that Pu may be extracted as Pu(III) or Pu(IV) Presumably Pu(Vl) may also be 
extracted with a high K However, the presence of Pu in this oxidation state in urine 
acidified with HCl seems most unlikely 

From Table 2, it is evident that Ce, Pm, Y, Am, Th, Pu and U may be extracted 
with K values ranging from 3 x 10- to 3 / 10^ from acidified urine (0 1 M H* ) with- 
out regard to valence control of any element It should be noted that in both Tables 1 
and 2 the volume ratio, F„/K^, is 1 0 It was found that in the systems of fable 2, if the 
volume ratio, was 0 1, the K values were markedly decreased Since the K was 

found to be independent of the concentration of nuclide studied, it was assumed that 
this decrease was due to the extraction of extraneous solutes present in the urine, the 
net result being that the concentration of “free” H.jMEHP available was materially 
reduced In order to partially compensate for this cfTcct, the initial concentration of 
II.MEHP was doubled Further, the chlorobenzene diluent was replaced by a com- 
posite diluent consisting of a 40 60 vol/vol mixture of CCl^ and toluene The result- 
ing extractant solution (becoming the lower phase) disengages from equilibrated 
acidified urine more readily than does the solution of Tabic 2, and by the addition 
of a relatively small quantity of n-heptanc and/or 2-cthylhexanol-l may be converted 
to a phase lighter than dilute aqueous mineral acid (The value of these properties 
will become evident in devising a flow sheet ) 

Fiom the data of Table 3, it is apparent that Ce, Pm, Y, Am, Th. Pu and U may all 
be extracted into 0 2 E HoMEHP (composite diluent CCI| toluene 40 60 vol/vol from 
acidified urine (0 1 M H ' ) with K values of 3 10- or greater, under conditions em- 

ploying a volume ratio of 0 I In other words, from a 1,000 ml portion of acidified 
urine, the least extractable of these would report in approximately 97 per cent vicld 
to a 100 ml portion of equilibrated extractant phase 

For purposes of volume reduction of sample, it is desirable to extract the indicated 
radioactive nuclides into a volume of extractant phase as small, relative to the volume 
of the initial urine, as is consistent with acceptable yield of nuclides Consequently, 
It was decided to use two 0 1 volume portions of extractant in the initial extraction step 
(From the data of Table 3, the least extractable nuclide should repoit in 99 9 per cent 
yield to the combined extracts ) 

In making two successive 0 1 volume extractions, it is convenient to use a svstem in 
which the extract is the more dense phase so that following phase disengagement it 
may be separated readily without transfer of the bulk urine Analogously, m returning 
the nuclides to an aqueous phase, and at the same time realizing a volume reduction. 
It IS advantageous to employ a system in which the aqueous phase is the more dense 

In experiments represented by the data of Table 4, the purpose of the n-heptane 
IS to reduce the density of the extractant phase, and the 2-cthyl hexanol-1 serves both 
to reduce the density and to negatively synergize*''"' the extraction of the pertinent 
nuclides by partially inactivating the H.,MEHP extractant From reported studies"'' 
It is evident that an “intermediate negative synergistic effect ’ which will permit return 
of M(lll) cations to an aqueous phase but retention of M(1V) and M(V1) cations in the 
organic phase may be realized Such a .system is represented in Table 4 In this system, 
the 0 1 M NH4NO2 ensures the absence of Pu(lII), the oxidation of Pu(lll) to Pu(IV) 
being very rapid. 

The organic phases of Table 5 may be considered as obtained by addition of 10 
volumes of 2-ethyl hexanol-1 to 20 volumes of the organic phase of Table 4 An 
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extract, following suitable treatment as in Table 4, will contain only Th, Pu and U as 
shown in Table 5 (Np is included for comparative purposes, since the behavior of 
Np(lV) is quite reproducible and the K valuesarc of acceptable magnitude at every step 
except in the original extraction. Table 2 ) The aqueous phase employed is H2SO4 
rather than HCI, since much lower A values at a given H' concentration are thereby 
attained 

It IS evident from Tables 4 and 5 that through selective anti-synergistic action two 
aqueous products, P-3 and P 2 containing respectively Cc, Pm, Y, Am and Cm and 
Th, Pu, U and Npl*?), may be obtained (It is noted in the Experimental section under 
“Determination of distribution ratios” that the Am and Cm data are nearly identical 
in each of the systems investigated in this study ) These two aqueous phases are the 
final products of Flow Shcet-l which is based upon Tables 3, 4 and 5 

TaBLF 5 DlSIRIHUnON RATIOS FOR VARIOUS MFMFNFS IN THE SV STEM 0 067 F H,MFHP 
(composite DILC'ENF CCIj, lOLULNE, /I-HEPTANE AND 2-F FHYL HCWL ALCOHOL IN 
RELATIVE VOLIJMFS 4, 6, 5 AND 15) \S AQl'FOOS 0 5 M VMl 1 0 M H SOj 

I 0 


HjSO, 

(M) 

Th 

K* 

Put IV) 

Np(lV) 

L(VI) 

0 5 

84 

10 ^ 

9 1 10-^ 

41 ^ 10 = 

3 8 

10 ' 

1 0 

9 7 

10 ■I 

8 6 10 ’ 

6 4 10 ’ 

9 3 

10 ’ 


Fach nuclide separately present A pregnant extract of desiied nuclide prepared by 
extraction into a 0 2 f' HiMtHP (diluent CCT, toluene, 40 60 vol/vol) phase from an aliquot 
ot a common acidified urine solution Unit volume isf this extract then diluted with unit 
volume of D-I and unit volume of 0-2 The resulting organic phase then contacted with an 
equal volume of aqueous 0 5 cir 1 0 M H2SO4 1 he valence indicated is thvt of the nuclide as 
added to the acidihcd urine sample 

Tables 6, 7 and 8 pertain to the mutual separation ofTh, Pu and Ufrom thcmixture, 
P-2, obtained as a product of Plow Shcet-l and constitute the basis of How Sheet-2 
The mixture obtained from Flow Sheet-1 consists of Th, Pu and U m 1 0 M H^SOj 
As a preliminary step m effecting their mutual separation, these elements are returned 
to an organie phase, with an accompanying volume reduction. The A values are given 
m Table 6 (The magnitude of the “depressing ’ etfect of 2-ethyt hc\anol-l is evident 
upon comparison of Tables 5 and 6 ) 

From this organic extract, Pu is returned to an aqueous phase as Pu(Ill) following 
reduction by hydroquinone, accompanied by U(V1) under conditions permitting re- 
tention of Th and Np(lV) in the organic extract The pertinent data are given in 
Table 7 

The mutual sepaiation of U and Pu is then accomplished by extraction of F'(Vl) 
into a toluene solution of TOPO from 6 M HCI, Pu(lll) icmaming preferentially in the 
aqueous phase as, indicated by the data of Table 8 

Tables 9 and 10 pertain to the further partitioning of the Ce Pm. Y and Am pro- 
duct, P-3, of Flow Shcet-l and constitute the basis of F low Shect-3 From Table 9. it is 
evident that a 0 30 F HDEFIP (toluene) vs 0 2 M FINO, system serves to separate \ 
from Cc(lll), Pm and Am, the Y leportmg to the organic phase Further the \ may 
be returned to an aqueous phase 4 0 M m HCI 
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TaBIF 6 DiSTRlBliTlON RAFIOS FOR VARIOUS FLEMLNIS IN TIIL SVSTFM 0 20 F FFjMFHP 
OOMPOSIIF niLUFM CX’lj TOLUENF, 40 60 VOI/VOL) VS FRFSHLY PREPARLI) 

05 M AND 1 0 M FljSOj KE-EXTRA( IS OF 1AHIF 5 1',,/Ka -^10 


11, SO, 

(M) 

Ih 

K 

Pu(lV) 

Np(lV) 

L)(VI) 

0 5 

3 f 

10 ^ 

4 5 10’ 

I 8 10’ 

6 0 

10 ’ 

1 0 

1 5 

10 ’ 

1 6 10 = 

1 1 10 ’ 

2 0 

10 ’ 


Taiiii 7 — Distriiujfion rsiios for Th, Np(IV), U(V1) and Pu(lll) in ffii system 
02 r H.MFUP (( OMPOSirl DIILILNI CCI, lOI UENl 40 60 voi / vol) vs aquious 

12 M HCl* 


f lenient 

Ih 

Np(lV) 

U(VI) 

Pu(lll) 

A 

8 lO’ 

7 10’ 

9 10 ’ 

8 10 ’ 


* file symbol 

indicates 

1 ABI L 8 

Pu(lll) 

“greater than 

OtSIRIBUIlON ratios FOR IJ(Vl) AND 
IN IHL SYSrEM 0 20 F TOPO (ioiufni 
D llUINI) vs aqueous HCl 


HCl 

(M) 

— 

A 

U(V1) 

Pu(lll) 


6 0 
120 


6 7 . 10’ 

35 

12 10 ’ 

3 5 10-' 


Tabif 9 Disfribuiion raiios for various M(I11) in ihl system 0 30 F FIDFFFP 
(lOTULNF DILUENT) VS AQUFOUS 0 20 M HNOj* AND 40 M FlCl 


M(IIl) 


if, 0 2 M HNO 3 
A", 4 0 M HCl 

* These data aTC consistent with those of References (2a) and (3d) in which other mineral acids 
were employed and with those of Reference ( 8 ) in which 0 20 M HNO 3 was used The symbol 
indicates “less than ” 


Table 10 

— Distribution ratios for Ce(IV) and 
0 30 F HDEHP («-heptane diluent) 

various M(JII) in 
vs 80 M HNO,* 

IHE SYSTEM 

Element 

Ce(lV) 

Ce(lII) 

Pmdll) 

Am(lll) 

K 

5 X 10’ 

~2 X JO ’ 

2 10 ’ 

2 X 10 ’ 


* These data are consistent with those of References (2b) and (2k) The symbol 
indicates “less than ” 


M A Mandtl, G W Mason and D F Peppard, Induitr Engn^ Chent Process Desii;ii anil 
Engineering Quarterly 2, 106 (1963) 


Cc(lll) Pm Y Am 


4 1 10 ^ 4 2 - 10 ■= 26 2 1 1 x 10-" 

I 10 * 1 - 10 ^ ~2 10 ’ - 1 ^ 10 ‘ 
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The Ce, Pm, Am mixture may now be partitioned further by taking advantage of 
thetctravalent state of Ce The system of Table 10, and that reported for the extraction 
of Bk(IV)'-'’* and Cc(IV) selves to separate Ce(IV) from Pm(III), Am{in) and 
Cm(lll) with a separation factor, // defined as A'(.,(,\j/A\|(,|(),greatcrthan lO** Froman 
analytical view, the separation ot this gioup of elements is complete at this point, m 
the absence of Cm(III), since Pm and Am may each be dcteimined in the piescnce of 
the other by combined alpha counting for Am and /f-counting, in the presence of 
absoibci to screen out the alpha activity due to Am, for Pm 


: . ; i I 

1 I I ' i \i| (Hi| 'I ‘ 


All r ^tt40r,l Fin Ce Y Am Cm?) 


urn lib I 


I I i| S 5 (hi 
(trj At]iL' 


A(j i| ) 


' ( il '>_<1 Aij < ’ iiiO 
n J Ai| (I I 2 ml F *5 


Or-i Aqd) ? mil-5 

\-- i- 


f'rj Aq tU Orj 


(jT'j (L) 

L ^ 


4 ml 0 4 


] III S t)r4 iA mil 




Aq 'I FI r I v; 


Ory Aq (L) 0 5 g KB rO) 4 ml W 


Aq (8 ml) 2 ml E-6 


n: 


0r(jl2 ml CpICB) ^(LI I mJX4 
X 


I 1 

Orgllml Pm Am Cm^l Aq 11 1 

Fi<^ 1 - Flow Shect-I Scp.iration into Y, Ce, and (Pm, Am, Cm ') 
pioducts (L) signifies lower phase 


On the basis of the foregoing data. Flow Sheets J, 2 and 3 were devised keeping in 
mind the requirements of nearly quantitative extraction of each of the radioactive 
elements from the initial sample of urine, nearly complete removal of contaminant 
radioactive elements from a product element which in turn must be obtained in 
nearly quantitative yield, a volume reduction at every stage possible, ease of operation 
by means of making the organic phase either the upper or lower phase and by avoiding 
the necessity for intermediate evaporations, and a final product in a small volume so 
that a suitably large portion of it might be evaporated on a platinum disk for radio- 
metric assay 

In order to confine the presentation of Flow Sheets to a reasonable size, it wa- 
necessary to introduce symbols to represent phases of specific composition TIk 
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0 5 and I 0 M acid it was found that rquation (2) is not satisfied hurthcrmorc, as 
values of the partition coeiTieient for 0 I M DTHPA in kerosene are prcatei than ten, 
it IS likely that extiaction under these eonditions involves formalion of a polymeric 
uranium DLHPA complex''* as m sulphuric acid solutions at low acidity 

ll(),X,H,(o) ' UO,- (a) (IIX),(o):^’:(UO,),X,,H,{o) 2tt (al (3) 

le an ovciall loaction 2llf)r (a) 3(HX)^(o);^ ^ ^o) 4H (a) (4) 

1 his leads fo the followinij lelalionship 

lop4ti' log A., 2 logic,, 2C|)/C|| (5) 

wlicic A, IS a constant When values of log / , vvcie plotted v^ log(C, 2<ri)/(^,jin 
0 5 and 1 0 M acid it was found that rL|uation (5) is satisfied the slopes of the lines 
heiiu' I 0 and 1 8 in 0 5 M and I 0 M UNO, icspectivdy I luis it appears that at low 
iiitiic .leid concentiations uianium is extiacted in accordanee with Fepiation (4) 

If we assume that at highei acidities n molecules of the Df'HPA dimer eombme 
with each uranium {\'l) ion by a icaclion similar to that ohseived with T BP \ i/ 

llOd'la) 2N(), (a) /i(HX).(o)"^ >: L'0,|\0,),(ilXh„(o) (6) 

then the lollowinii lelatioiiship would be expected 

log 2"Ai log Aj n log (C^ 2nC^ ) (7) 

w heie A^ IS a constant When the values of /. , vveie plotted vs log(C, 2//C , ) tor 
values of II I and 2 m 6 M HNO, the slopes of the lines vveie 1 6 and I 3 for n 1 
and 2 icspcetivelv' llowevei smee either oi both of leaetions ( I ) and (3) will also 
oci in l(s some extent at highei acidities the obseived values of the pailition eoelheicnt 
aie piobably highei than ifoxliactionshovved a nitiateion dependency due to f qiialion 
(6) alone As tliv slope ol the line using // I may theicloie be gieatei than umtv wc 
assume that n I m fe|ualion (6) i e 

llOr (a) 2NO, (a) (HX)4o) ^ r(),(\0,),(HX)>(o) t8) 

ib| iiilc’iii e ('ll III iii'iiiiii (Oiuciiliaiioii 

When uianyl nitrate solutions containing I 0 and 6 0 M nitric acid aie extractcel 
uitoO I M OfllPA 111 keioseneat20 C' the oiganic phase ui.inium coneentraiion was 
t'oind to inerease with inereasmu initial .ii|ueous uianium eoneentiation towards a 
hiiiitmg V alue (0 05 M) mdieatmg that two moleeiiles of DTI IP/\ combine w ith eaeli 
uianium ion undei these eonditio'is 

(cl l)( / h’ikIcik ( on onniiiii pliuscatfiiifv 

I he extiaction ot acid Irom uianyl niliate -.olutions (5 g I) into 0 1 M DFHP \ m 
keioscne was included at 20 with the results shown in big 2. which also mve-' data 
foi the exti.ictKsn of ae d m the absence of uianium 

In the absence of uianium the aeuhty of the oigamc phase is approximatelv 
constant below 3 M and incieases with increasing acjiieous aeiditv above this eoneen- 
tiation In the piesence ol uianium the oigamc phase aciditv is less than in its ab-enee 

< I Hms Ii k A ZiNoAiio aiiel C h OiirMVN / Pliw ( fum 62. 12‘)(inss) 
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Tabli II —Liquids empioyed in ilow sheets 1, 2 and 3 


Symbol* 

Composition 

Density + 

E-l 

0 20 F HjMFHP (CCl» i toluene, 40 60 vol/vol) 

1 14 

F-2 

0 20 F H,MEHP (toluene) 

0 873 

r-3 

0 20 F FOPO (toluene) 

0 868 

E-4 

‘'2°;, octyl pyrophosphate ’ (toluene) 

0 871 

fc-5 

0 30 F HDFHP (toluene) 

0 873 

F-6 

0 30 F HDFHP (n-heptane) 

0 709 

D-l 

n-heptdne [ 2-ethyl hexanol-I 50 50 vol/vol 

0 753 

D-2 

2-ethyl hexanol-1 

0 834 

0-3 

n-heptnne i 2-ethyl hexanol-I , 25 75 vol/vol 

0 802 

D-4 

n-heptane 

0 682 

S-l 

0 1 M HCI 

1 00 

S-2 

0 I M HCI, 0 01 M NH,NO^ (freshly prepared) 

1 00 

S-3 

0 2 M HNO3 

1 00 

S-4 

1 0 M H.SO, 

1 06 

S-5 

12 M HCI, 0 1 M hydioquinone (freshly prtp.ircd) 

1 18 

S-6 

6 M HCI 

1 to 

S-7 

16 M HNO, 

I 42 

S-8 

4 M HCI 

1 07 


(E-l) , (D-l), 1 1 by vol 

0 945 


(E-l) t (D-l) (D-2). t 1 1 by sol 

0 909 


(E-l) (D-3) 1 2 by vol 

0 910 


* The Idlers F, D and S. respectively, sigmiy extractant, diluent and scrub 
t V.ilues obtained by ueighing a 10 ml portion at 22 1°C 

significance of these symbols is shown in Table II 1 he reasons for using these \arious 
solutions will be made clear by reference to the data of Tables 3-10 

Choice ofthespccihc volume ratios employed and the number of extract ions and/or 
scrubs was based upon considerations of completeness of extraction ol a given cle- 
ment and upon decontamination of one element with re’-pect to anothei considered as 
a contaminant 

Steps involving the use of octyl pyrophosphate as extractant were introduced for 
the purpose of ctTecting final volume reductions This exiiactant is utilized because 
of Its cITectiveness in remov mg M( II I), IVI( I V) and M( VI) ions from an aqueous phase 
The extractants E-5 and F-6, respectively 0 3 F HDFHP (toluene) and 0 3 F 
HDFFtP (n-heptane), are not interchangeable Toluene can not be used as the diluent 
m extracting tracer-level Ce{i V) because of its mheient lediicmg action and if n-hep- 
lane is used as the diluent m the Y-separation step, the k values for Pm and Am arc 
too high 

From the data of Table 12 it may be concluded tentatively that any one of the 
pertinent nuclides present m human urine, as voided may be isolated m high purity in 
a yield of 50 per cent or greater Such a conclusion hovvcvei is based upon a 
ciuestionable assumption and must be considered with due caution since it has not 
been demonstiated that a given nuclide present m a urine sample as voided will be 
extracted with the same A' value as that charactcnstic of the nuclide added as a spike 
On the other hand, m the analysis of a given sample probably only a relatively small 
portion of the composite How sheets, flow Sheets I, 2 and 3 need be employ'ed and 
consequently the yields would be increased 
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DISCUSSION 

For case of operation it is sometimes desirable to render the extract (in the present 
context, the organic phase) the uppci or the lower of the two mutually equilibrated 
phases at will Foi innately, the extractant, H ,MEHP, extracts each of the pertinent 
IVl(lll) M(l V) and M( VI ) species with a A nearly independent of the diluent employed 
if the diluent choice is lestricted to aiomatic and aliphatic hydrocarbons and their 
chlorinated variants ( Ihese A values are affected drastically by certain oxygen- 
containmg diluents )"' ' Consequently, a hydiocarbon or a halogcnatcd hydrocarbon 
of a suitable density may be chosen as diluent for the H,MbHP extractant to render 
the organic phase eithci moie dense or less dense than the opposing aqueous phase 

1 XHI L 12 —Isoi Alios OI I'CRIIUD MK I lOFS 1 ROM 
SI'lkll) lIRIsr SAMIMIS* UY APl'l it AIION OF HOW 
SHI IIS 1,2 AMO t 


Recovery (final 
piodiicl) ( "„) 


Nui-lidv 

Type cmilltr 

Run 1 

Run 2 

Cc'" 

li 

54 

50 

Hm'” 

(> 

54 

48 

Y'h 


46 

42 

Am-*' 

7 . 

52 

48 

Ih-’" 

a 

51 

47 

Lji.i 

7 

91 

96 

Pii-"" 

y 

76 

82 


* facli sample consisted of a 500 ml poilion of 
urine aciditicd vMlIi 5 ml of 10 M HCl and conlaming 
actur.itcly known quaniities ot ihe pcriinent nuclides 
approxiiiialcly 2 10'’ dismtegrcilion/min o) each 

Thus, m the hrst part of f low Sheet- 1, a 505 ml portion of aqueous feed is contacted 
successively with two 50 ml portions of extractant having a density greater than that 
of the feed Consequently, the two extracts are drained fromthebottomofa sepaiatory 
funnel without necessitating transfer of the urine sample (Densities, pertinent to each 
of the steps in the three Flow Sheets are presented in Table 1 1 ) 

In those instances in which the pertinent elements differ in valence, their mutual 
separation is accomplished, in part, by use of selective re-extraction into aqueous HCl 
as previously reported for ]V1(III), M(IV) and M(VI) '' The data of Table 4 indicate 
the ready separation of Th(I V), Pu(lV) and U( VI) as a group from Ce(lll), Pm, Y and 
Am(lll) and those of Table 7, that of Th, and Np(IV), from U(IV) and Pu(lll) The 
mutual separation of U(VI) and Pu(lll) may also be accomplished by use of a more 
dilute HCl solution vs an HoMEHP (diluent)* '■'* system, but the system represented 
in Table 8 is more readily applied 

The high K values for the M(lil), M(IV) and M(VI) elements of interest from 
acidified urine (and from dilute HCl) into a solution of HgMEHP in a diluent which o 
not negatively synergistic. Tables land 3, arc desirable from the viewpoint of preparing 
a concentrated extract of the pertinent elements in good yield However, returnim’ 
these elements to an aqueous phase presents a new problem The M(ill) elements mav 
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be re-extracted tnto a moderately concentrated HCl phase, the K values being nearly 
inversely third power dependent upon the H* concentration m the aqueous phase 
The return of U(V1) to an aqueous 12 IVl HCl phase may also be accomplished 
However, M(IV) can not be returned to an aqueous phase by increasing the con- 
centration of mineral acid Dilution of the extract by more of the initial diluent is of 
no help, since the K, in each case, is approximately hrst-power dependent upon the 
concentration of H^MEHP Consequently, each of these elements is returned to an 
aqueous phase by the controlled addition of a negatively synergistic agent, 2-ethyl 
hexyl alcohol, to the extract See Tables 4 and 5 Under the conditions specihed in 
Table 4, the A for M(IV) is greater than 10'*, that for U(VI) 35 and those for M(III) 
less than 0 025 The addition of more negative synergist. Table 5. serves to lower the 
K for Ml IV) sufficiently to permit return to an aqueous phase (The aqueous phase 
employed here is HjS ()4 rather than HCl in order to lower the K for L'(Vl) as much as 
possible ) 

Due to the extienicly high K values for the elements examined in the absence of 
a negative synergist and the correspondingly low K values m the presence of a negative 
synergist, it is possible to achieve very useful volume reductions m a few steps For 
example, at the conclusion of Flow Shect-1 two intermediate “product" phases, 
P-2 (Th, U, Pu, Np‘*) and P-3 (Pm, Cc, Y, Am, Cm'*), of respective volumes 60 ml 
and 40 ml, result from the processing of a 5(X) ml sample of urine In some instances, 
for example if Pm and Am are the only radioelcments whieh may be present, the 
analysis is complete at this point 

The separation of Y from Ce, Pm and Am is dependent upon the pronounced 
difference m K values in the HDEHP (toluene) vs aqueous mineral acid systems. 
Table 9, Y being preferentially extracted Since the K values are inversely third power 
hydrogen ion dependent, Y may be returned to a 4 M HCl phase The separation of 
Ce from Pm and Am is based upon the preferential extraction ofCe(lV) Table 10, 
in the HDFHP (n-heptane) vs 8 0 M HNO, system 

Since this method of analysis requires no evaporation of the urine (and perhaps 
subsequent ashing) the possibility of loss of ladionuclides by adsorption on the sur- 
faces of equipment is minimized Each of the indicated steps is simple and may be 
performed rapidly, and no special equipment, other than that normally used in 
radiochemistiy, is required (The contacting equipment, at critical steps, may be 
considered “throw-away ”) 

Occasionally, phase disengagement in the first step of How Sheet-1 is poor In such 
an instance, the extiact (lower phase) contains some of the aqueous phase which must 
be removed by centrifugation However this is not difficult, since the volume is small 

Although this study was resti icted to urine samples it is ev ident that this system of 
analysis, with minor modihcations. is applicable to a wide vaiiety of cm ironmcntal 
and biological samples including soil, vegetation, egg shells bones milk grain etc 
Application to the “indirect” determination of '"’Sr through direct analysis for ‘"’Y is 
especially promising 

For certain elements, such as Sr and Ba, HDO</>P shows considerable promise,'®’ 
although from Table I it is evident that Th may be extracted only from a highly 
acidic urine 

"" D h Pi PPARD, G W Mason, S McCariy and P D Iohnson, / Inoi^ ,\nil ( hern 24, 121 
(1962) 
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Exchange properties of ammonium salts of 12-heteropul} acids — V. 

Sorption of alkali metals on ammonium phosphomolybdatotungstate 

(Received 17 Dtiemher 1962, in 1 1 used /oi m 3 \iairli 1963) 

Hh rPRocoLYAtiDS havc been used for the prccrpitalion o( heavy alkali melals" and iheir exchange 
properties have been described " Ammonium phosphomolybdalc'*' and ammonium phospho- 
tungstatc'’’ have been thoroughly investigated, and the present study describes the exchange proper- 
ties o( ammonium salts of phosphomolybdalotungstic acid (NHjPMoWt with various molar ratios 
of Mo W 

1 he uptake v.as studied under both static and dynamic conditions"'’ vising acid ammonium salts 
of phosphomolybdatotungstic acids with varying molai ratios ol Mo W (4 8, 6 6, 8 4) These 
were precipitated with an excess of I M NH^NOj from aqueous sc'lutions of the free heteropolyacids 
obtained by the cthcrale method,'"’ analyses corresponded to the formula in Table I 

Tabli- I 


Ion exchanger 

Formula 


Mol Wt 

NH,PMo,W, 

(NH,)^ ,v1PMo,W.O.„ 

] 6,5 11,0 

2666 

NH,PMo,W„ 

(NH|)2 42[PMOftW^O,j(, 

] 7,6 H.O 

2510 

NH,PMo«W, 

(NH.), „H„ 5,(PMo,W,0,„ 

] 5,7 H,0 

2299 


Figure I shows the uptake of Cs and Rb as a function of NH, ion concentiation and demon- 
strates the ton-exchange nature of the process Caesium is sorbed more easily than rubidium, in 
agiccment with the values of the crystallographic radii A,,fCs) decuascs m the order NH,PMorW, 
NH,PMo,W„ NHjPMojWs and from the measured A,, values lor caesium and rubidium the 
theoretical value vrf the separation factoi x',,'], was calculated to be 35 on NH,PMv',V\', in 0 001 M 
UNO, 

The cfTect of acidity on A', at const [NH, ] is practically negligible up to 2 M HNO, but at 
higher acidity A,, decreases 

W J O'Lfary and J Papisii, / m/ £>/"• Cheni 4md L'dit 6, 107(19t4) 

M H 1 1 1 OMAN and L h Glfni>inin,N NFS Part IV 9 , 654 (19S|) 

"H Buciiwald and W P Tinsrct riivx aiti J Imn" Su<l Chem 5, 341 (OSS) 

"’J VAN R Smif, J J Jacobs and W Roiiii, 7 hioii; \ihI Client 12, OS (1959) 

'■’J Krtil and V Kouftiiu, 7 Irion; S’ncl Chem 12,367 (1960) 

'"’J Krtil, 7 //uug ^'ltcl Chem 19,298 (1961) 

’A I Kokorin and N A Poioii hnova, Z/i Obshch C him 26, 1 (1956) 

'"'A F Wills, Sliiicliiraniior!;ariu C i (2nd J d ), Clarendon, Oxford ( 1 9S0) 

”3 Krtil, 7 //lurg NucI Chem 24,1139 (1962) 
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Dynamic experimenis 

Microquantities of Cs and Rb were found to be sorbed in neutral media (0 4 M NaNO,) and 
also in strong acids (12 M HCI, 12 M HNO,) I M NHjNOi elutes Rb quantitatively, and caesium 
can be eluted quantitatively with 10 M NH,NO-, Satisfactory results were also obtained with 



n 


Pk, 2 -Separation of trace "'Rb from trace ’’’Cs Column J 13 cm^ 12 cm, ion 
evchanger NII|PMo,W, bed- 3cm, weight ratio NHjPMojW, asbestos 1 1, 

drop Intel val 15 sec 

C/C'n volume percent ot alkali in I drop of eluate 
n number of drops 

macro-amounts of Cs Figure 2 shows the separation of traces of Rb from Cs on NH,PMo,\V, by 
elution with 1 M NH,NO, tollowed by 10 M NH,N()j 

Institute oj Nuclear Rescaich J kRTll 

( lieclioslovac Academy of Sen nces I Kfiivv 

Rei u Prahy 

Spectrophotometric and potcntiometric investigations on Mn (iii)-l:8 dihvdroxv 
naphthalene 3:6 disuiphonic acid chelate 

(Rcceiicd 29 Apiil 1963) 

In RtrtNT years the complexes of 1 8 dihydroxv naphthalene 3 6 disuiphonic acid (chromotropic 
acid) have received considerable attention since many of them find uses in analytical chcmisiij 
S( hwarzfnhach" I made a detailed study of the Fc(iii) chelate w hile Sovimfr'-' and coworkers earned 
out an extensive study of the Ti(iv) complexes and they have been used for the colorimetric estimation 
of Ti(iv) WARh"’ suggested the use of this reagent (or the determination ot uranium 

Little has been done on the interaction of unstable oxidation states with chromotropic acid In 
the present communication the results o( the interaction of chromivtropic acid w ith Mn(ui) described 
employing spectrophotometric and potent lometric methods 

J Hfi 1 1 R and G Sciiwar/fniiac ii Hclc C him 4r/f/ 24, 1876 (1951) 

A OkAC and L Sommlr, Z anal Chcni 143, 52 (1954) 4nal Cliini 4< /ri 15, 345 ( 1956) 

" L WARt,LJSA,rC Rep MDDC(1945) 
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E\pei imental 

Manganic sulphate was picpared by a modihcation of Ubblihooe's method*'*’ and the solution 
was stored in dark coloured bottles and the strength determined by titrating potent loinctncally 
against ferrous ammonium sulphate F Metck reagent grade chroinotropic acid (sodium salt) was 
used 

I he spccliopholomclric mcasuicmenis were made with a Bausch and Lomu Spcctronic “20”, 
while the polcntKimctric measurements weic earned out with a PYF precision potentiometer (type 
7568) using saturated calomel and platinum eleeliodes 

The absorption speelia ol the Mn(iii) solution and Mn(m) DNS complex were measured''” in 
the wave length range 5^0-600 m/' Mn(iii) sulphate shows a single absorption peak at 515 m/r 
whereas the /„, ,,, iil the chelate was lound to lie at 430 m/i 

I he composition ol the complex was determined by (a) Jon's method of continuous variation"" 
and (b) Slope ratio method It was lound that the complex was formed in the molar ratio Mn(iii) 
D N S as 1 I It was obsei ved thatabovepH l,thecoloui of the complex was completely destroyed, 
hence the extinction measurements could esnly be made in the presence of dilute sulphuric acid 
I he lormation constant for the chelate was delcimined by the method recommended by Mukfrji 
and Di v'"' For two mixtures having the same optical density (0 20), the value of 1C came out to be 
1 H 10' and the calculate value ol AF ’ was (ound to be 3 II K. Cal 

The leaetion ol Mn(iii) sulphate with ehromotropie acid was (uither investigated by potcntio- 
mctiic titration DNS solutions of varying conecnlraln n (I 10 - M to 2 10 ^ M) were 

utratedwithi 10 * M Mn(iii) The bieaks in the curves agice with the ratio I 1 for the complex 
The revel sc titiations, however, did not prove sueeesslul since thcie were no significant breaks in 
the euives 

Discu'ision 

1 he complex may be represented as Mn‘‘i(nNS) which may be formulated as a chelate complex 
The strong tendency ol hydroxyl groups to form stable coordination compilexcs with metal is well 
known In the picsent case the development of a stable colour supports this viewpoint and the possi- 
bility of chelate ring structure being foimed, is indicated 

Hotcntiomclrie titration confirmed the conclusion arrived at by speclrophotomclry 
1 he formation of a stable coloured complex between Mn(iii) and DNS in the highly acidic may he 
advantageously employed lor the coloiimetric dcteimination of Mn(iii) in small amounts 1-urthcr 
work IS in progress 
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Dicyandiamide-copper(n) complexes and the metal ion catalysed addition of 

alcohols to a nitrile 

(Received 29 March 1963) 

It has previously been reported'" that copper (II) ton catalyses the addition of alcohols to the mink 
group in dicyandiamide (deda), I, forming N‘-alkylguanylureas, II Thus if dicyandiamide is refluxcn 

R L Dutta and P Ray, J Indian Chem Soc 36, 499 (1959) , 
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in an alcohol in the presence of copper (II) acetate, 

NH., NHj O 

I I 11 

H,N C N-C N H,— N C N~C - NHR 

I II 

the corresponding alkylguanylurca complex separates from the solution Although the exact role of 
the metal in catalysing the reaction is not known, Duita and Ray suggested that the following 
ccjuilibrium existed 

NH, NH, O 

I I II 

H.N C N C N ' ROH H.N C N C NHR 

and the metal ion shifted the equilibrium toward the foimation of product by removing the product 
through complexing They were unable to obtain analogous results using Ni(ll) ion and this they 
attributed to the tact that Ni(ll) complexes less strongly with the product and is thus unable to shift 
the equilibrium 

We have two results to report which we feel are pertinent to this question Nickel (11) althouijh 
less effective than Cu(ll) in catalysing the reaction does do so If nickel (II) chloride and dicyandi- 
amide in a I 2 ratio are placed in methanol and refluxed, after a pericrd of about 1 hr bright orange 
crystals begin to deposit on the sides of the flask Refluxing for several more hours yields large 
quantities of the crystals The product was diamagnetic and very insoluble in w iter and methanol 
I he analysis agreed well with that expected for bis(N'-mcthylguanylurta)-nickcl (II) chloride 4>ial 
Calc for NiC„Ndli.,0,CI. C, 19 90, N. 30 86 H. 4 42 Found C 20 20. N 30 68 H 4 SO^ 
That the nickel is less effective as a catalyst than copper is shown by the relative lates at which 
the reaction takes place While the reaction with nickel requires 3 hr under reflux conditions for 
observable reaction to take place the copper catalysed reaction is observable after 2 hr at room 
Itinperaltirc and after 4 hr at 0 It is worth noting that if dicyandiamide is refluxed in methanol 
overnight in the absence of a metal ion there is no evidence of reaction as indicated by the lack of 
complex formation upon subsequent addition of Ni(II) or Cu(ll) 

The second fact which we wish to report is that dicyandiamide (deda) itself forms complexes 
with Cu(ll) II a saturated aqueous solution of CtiSO, is mixed with a saturated aqueous solution 
ol dicyandiamide in a 1 2 molar ratio and cooled at 0 for 15 20 min, a bulky blue precipitate forms 
I he precipitate is washed extensively with cold water and dried to constant weight in a vacuum at 
room temperature The analysis agrees well with the formula [Cu(dcda);]SO, SH,0 (111) ina! 
Calc lor CuCiNhH,,SO.,, C'u, 15 2, C 1150 H, 4 31 found Cu. 15 3 C' 1150 H, 4 36“„ 

The blue complex shows (he typical broad absorption band in the red region with /nux being 

775 m/f in water and 785 m/i in methanol The nvgnctic moment is I 87 B M at room temperature 
Since Cu(II) ion is also known to catalyse the addition ol water to dicvandiamide to vicld 
guanylurea,'-' we studied (he infrared spectrum of the complex m order to assure that such a reaction 
had not occuircd The nitrile group m dicyandiamide has a doublet peak at about 4 5 u'" and this 
peak remains essentially unchanged in the complex indicating that hydration had not taken place 
picsumably because of the immediate precipitation of the complex from solution 

It the blue complex, (HI), is heated at 50 in a vacuum, a green product is obtained The weight 
loss and the analysis correspond closely to [Cii(dcda)_.)SO, 2H/) (IV) Anal ('ale for C'liC', 
N,M,,S0,, Cu, 17 4, 0,13 2, H, 3 7 Found Cu, 17 2, C', H 0. H 3 5'’,, 

The room temperature magnetic moment is 1 86 B M and ?,n\\ is 750 mu in methancvl The 

inliarcd spectrum also indicated that the nitiile group was essciilialK unchanged upon complex 
lormation 

It either (111) or (TV) is refluxed in methanol for an hour bis(N’-mcthyIguanvUircM)coppcr (H) 
sulphate precipitates in the form of violet crystals Anal Calc for Ci,C^N*OjHnSO, C 18 4 
''1.28 6, H, 4 08 Found C', 18 5, N, 28 4 H,4 26”„ This is as expected the same as obtained 

P Ray, Cl, cm Rer 61, 313 (1961) 

" I J Bi LI AMY,* 7/i(> Injia-red Speifia of Complex MolexuUx, Wiley New Vork, 1958 p 293 
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by refluxing d mixture of dievandiamide and topper (II) sulphate in methanol Qualitatively, however, 
we observe that the reaction is faster it we start with the complex 

Wc find a room tcmperalure moment lor bis(N'-methylguanyliirea)coppcr (II) sulphate of 1 84 
B M Du I I A and Rav report a value of 1 b"! lor the 1 5 hydrate of the same complex 

In view oi the above lesults it seems to us that the metal ion plays a more signifitant role in the 
addition of alcohol to dicyandiamide than that proposed by Dui ia and Rav We are currently 
investigating this reaction in an clfoi t to elucidate the mechanism as well as testing the generality 
ol the reaction 
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Ifalf-livcs of some rare earth nuclides 

(Recemd 8 Afiiil 1963) 

Inciolnial to the investigation of various radicKhcmical presbiems, measurements of the halt-lives 
of a number of raic-earth isotopes have been made Although some ol the values aic in agreement 
with other published results,'' ' “ they have been included because confirmation of one of a number 
of existing values should be ol help to other investigators in their choice of the best half-life 

E\penmenlal 

Sample pt epat at ion 

1 hose rare earth activities which were obtained from thermal neutron fission of -■'■’U were separated 
from the bulk ol the hssion products and uranium by a standard chemical proceduie involving anion 
resin column steps, and lanthanum hydroxide and fluoride precipitations The individual rare 
earths were then separated from each other by elution from Dowex 50, X4 cation exchange resin 
columns with ammonium x-hydroxyisobutyrate solutions at room temperature Initial purification 
of the gadolinium and terbium activities produced by thermal neutron irradiation of gadolinium 
oxide was accomplished by two or three lactate elutions from Dowex 50 resin columns to remove 
the mass of the gadolinium target material This w'as followed by lurthcr purification of the tracer 
amount of terbium activity by elution with a-hydroxyisobutyrate from a very small Dowex 50 resin 
column 

The neutron irradiations of uranium Tb/)„ and Gd^O, were done in the Los Alamos ‘‘Water 
Boiler” reactor, the long neutron irradiations of Dy,Oj and GdjOj weie carried out in the Los 
Alamos Omega West Reactor 

Countint^ and data analy'iis 

The decay of all the samples was followed with gas flow, beta-proportional counters with 1 in 
or 2 in dia , 4 9 mg/cm- aluminum windows 

A least-squares analysis of the data was perlormed by I BM 704 oi 7090 computers 1 he half-lives 
obtained from these calculations arc suinmari/cd in Table 1 The errors quoted on the average 

♦ This work was done under the auspices of the U S Atomic Energy Commission 

D F Plpparo, G W Mason and S W Molinf, / /norff Nad Chem 5, 141 (1957) 

H W Wric.ht, E I WvArr, S A Rfynoios, W S LvowandT H FIandlly, iVi«/ Set /Tigiii, 

2, 383 (1957) 

L R Bunnfy, J O Abriam and E M Scadofn, / Inorif Nad Chem 12,228(1960) 

D Stromingfr, J M Holi anofr and G T Sfaborg, Rett Mod Phys 30, 585 (1958) 

H L Sstmt and D C Hohman, 7 hiorj' Nad Chem 3, 243 (1956) 
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Ik. 2 ( hange in .kkIiIv ot oi phasL on c\liaLtion ol in an Jimi (VI) VMlh 0 I M 

1)1 Hl’\ in k<.iosLiK ( 111 the picseiKt of uianiiim, A in the absence ot iiianiiim) 

hilt inticases sieatlily with increasing ac|ucous acidity over the whole lange Below 
1 M tlicclhiiige in iicidilyol (lieoiganic phase is analogous to that loi extiaclion from 
siilpluiiic <icid solution but at highei aculilics it is presunied that nitiic acid is 
evtiadctl into the oiganic phase togcthei with uianyl nitiate as in the case of TBP 

In Older to conliini this conclusion the evtiaclion ofacid from 6 M nitiic acid was 
slLidietl at varying l)l UPA concentrations at 20 'C, with the results shown in Fhg 3 
The slope ot the line is nearly unity (II) and since DbllPA is predominantly present 
as the dimei in the oiganic phase this implies that each dimciic, DPHPA combines 
with one molecule of nitiic acid by the following leaction *'■" 

IINOda) i (HX),(o)^ ^ HNO, (HX),(o) (9) 

From F'lg 2 we may coinpaic the change in acidity m the oiganic phase with the 
organic phase uranium coiicentralion In the absence of any other leaction in the 
organic phase two hydrogen tons are exchanged for each uranyl ion at low nitric acid 
concentrations, while one molecule of uranyl nitrate will displace two molecules of 
nitric acid extracted into the organic phase undei suitable conditions at higher nitric 
acid concentrations It was found that below 3 M HNO, change m acidity in thv 
organic solution corresponded approximately to twice the oiganic phase uraniun 
concentration, and was less than the latter at above 3 M This conhrms that DEHP/ 
extracts uianium by an lon-cxchangc mechanism at low aciueous acidities, at highe 
acidities the extraction by DE^^PA is more complicated than that with TBP,'^“* sine 
the ion-e\chaiige reaction also occurs to some extent 

T Saki / \ii<l (hem 9, t88(1959) 

B f CiRM M III n and t' J Haroy, J Nut I (hem 21,259 (1961) 

HOI -p Y Hi M V and H A C McKay, hum tuiacia) Soc 52, 623 (1956) 
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average** arc estimated over all errors 
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half-lite values art cslimaled overall errors based on the standard deviations obtained from the 
least-sqiiaies .inalysis the ntirnbei of separate half-life determinations and the length of time the 
decay was follow'cd 


4ikna»’leil'^’inie>i!s The author gratefully acknowledges the assistance of Mrs FraneineO Lawrence 
with the data analysis, and the cooperation of the Los Alamos reactor gioiip in providing the 
irradiations 
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The preparntion and some properties of molybdenum (V) oxotrichloride 

( Kci eii eJ 4 4/u r 1961) 

SiANOMtn iiMs'" on non-aqueoLis solvents state that tungsten (VI) chloride is solvolysed by liquid 
sulphur dioKide giving the oxotclrachloride, yet report that the somewhat more reactive chloride of 
the same transition gioup molybdenum (V)chloride, does no' react It is known, however, that this 
halide c in abstract oxygen from ligands such as dimcthylsulphoxidc to form complexes of the type 
MoOC'l I, 21 and will also give oxotetiachloromolybdatcs ( V) with alkali metal chlorides in liquid 
sulphur dioxide It was therefore fell that a further examination ol the MoCI^-SO^ system might 
indicate the loimation ot molybdenum (V)o\otiiehloriclc, which until now has only been prepared by 
the high Icinpcr.iture leaction ol the pentachloi ide with the trioxide in riii no I his method has. how- 
ever, been found to be inconvenient as several separations in rariio aic essential to remove large 
amounts ol the oxotciiachloi idc and dioxoclichksride also lotmed It was hoped that m sulphur 
dioxide only the oxcUrichlot ide would be formed 

The reaction was studied under rigorously anhydrous conditions in an all-glass vacuum system 
An excess (^0 ml) of sulphur dioxide previciusly dried by several distillations from phosphoric oxide, 
was distilled on to rcsublirned molybdenum (V) chloride (1-2 g) in an ampoule at 78 , the ampoule 
scaled and kept at room temperature lor at least one week when a dark brown solid and solution 
formed 7 he ampoule was then opened under diy nitrogen, the excess of sulphur dioxide distilled oil 
and the solid remaining pumped at 100 to icmove possible solvates and sulphur oxychlorides 
round Mo, 44 3, Cl, 48 4 ",, Mo Cl () (dill ) 100 2 96 0 99 MoOC I3 icquires Mo, 
44 0, Cl 48 6"',, 

The product was instantly attacked by moist air, hydiolysed by water to give a brown solution, 
soluble in dry mcthrnol with alcoholysis, soluble in dry acetone, but insoluble in non-polar solvents 
such as ben/cne I he green acetone solution showed peaks in the visible region of the spectrum at 
13700 (( 20) and 22200 (t 20) cm ' The product was also soluble in 10 M hydrochloric acid 

with the format ion ol the [MoOC I,,]- ion, isolated as the caesium salt by addition ol caesium chloride 
Found Mo, 17 2, Cl, 32 2, Cs, 47 8"„ Cs^MoOCU requires Mo, 17 3, Cl, 32 0, Cs, 47 9",, 
The visible spectrum of the [MoOC7,]- ion was mcasuicd for comparison with the acetone solution, 
peaks occurring at 14100 (f 15) and 22400 (■ 10) cm ' In the inira-rcd region the produtl 

showed a medium-strong band at 1020 cm ‘ compared with a strong band at 970 cm ' lor the 
MoOCU, these peaks being in the range which has been assigned to the Mo O stretching frequency 
A valence stale determination, by dissolving the product in excess of cerium (IV) sulphate solution 
and back-litrating with iron (II) cthylciicdiammonium sulphate, showed a “change” with respect to 
sexivdlent molybdenum ot I 05 units The magnetic moment of a finely powdered sample, using a 
Gouy apparatus was 1 62 B M at 295 A 

L I AurjRii lU and J Kli[nhfro, Non-uqueons solvents, Wiley, New York, 19^3 
'■*’ S M HoRNtR and S Y TvitHt Jr , f/iorq Clicin 1, 122 (1962) 

E At I EN, private communication 

I A Glukhov and S S Euisttv, Z/i Neorj^ Khun 7,81(1962) 

C G Barraclough, J Lewis and R S Nyholm,/ Chem Soc 3552 (1959) 
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It IS clear therefore that molybdenum (V) chloride can abstract oxygen from sulphur dioxide to 
form the oxotrit hloride, the valence state determination and magnetic moment, although it is slightly 
reduced, both being indicative of cjuinquevalent molybdenum The structure of the oxychloride is 
likely to be similar to that ot niobium oxotrichloride'*’ with trans-octahedral MoOjCI, groups 
linked into double chains by sharing two chlorines at an edge and oxygen atoms at two opposite 
vertices, the slight reduction of the magnetic moment from the “spin-only” value (also shown by 
MoCI,,'’') being due to a weak coupling of elcxtron spins ol neighbouring molybdenum atoms The 
compound would thus easily give in hydrochloric acid the [M 0 OCI 5 ]- ion and in acetone, MoOCU, 
2 (CH,) 2 C 0 It IS apparent that a monomeric octahedral complex is formed in acetone since the 
visible spectrum is so similar to that of the [M 0 OCI 5 J- ion in which a strong tetragonal distortion of 
the octahedral species occurs, the spectral Icatiircs being given by the MoO^' ion, the other ligands 
loweiing the Held symmetry insignificantly ”> In both cases the transitions of the single unpaired 
electron will be ► E„ and B™, ► Bj, 

Aikiio\\kdt(emenl\~ I wish to thank Dr Cj W A bowLts of the University of Southampton for the 
use of the Ciouy Balance and the C limax Molybdenum Co lor the gift of molybdenum (V) chloride 
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RELATIVE YIELDS OF THE PAIRS •’'*Nb AND 

'»’Nb-‘’>Nb IN FISSION OF Pb, Bi, Th AND U INDUCED 
BY 15-157 MeV PROTONS 

Einar Hagfuo 

The Gustaf Werner Institute, University of Uppsala, Uppsala, Sweden 

(Received 10 December 1962 in revised form 22 F "bruary 1963) 

Abstract -The ratio between the fission yield of the high spin isomer and that of the low spin isomer 
has been measured for the isomeric pair “'’"Nb' •-'"Nb as a function of the irradiation energy and of the 
target used For all the targets used, the isomcrie yield ratio increases with increasing pioton energy, 
and for a given irradiation energy, the ratio is highest when lead is irradiated a.id lowest when uranium 
IS irradiated A simple statistical model calculation indicates that the spin of the primary fission 
fragment produced by the fission of uranium is very low for low bombirding energies 

In the same experiments the ratio between the fission yields of 24 hr “"Nb and *'Nb has been 
measured 

The study of relative yields of isomers has been, for some time, a way of gaining 
information about angular momentum transfer and conservation, particularly in 
more simple nuclear reactions than fission 

Only very few data have been collected on relative yields of isomers produced by 
charged particle induced fission, and most of the work has been concentrated on the 
“’’Cd-isomers, which have not yet given an independent yield ratio as the precursor 
half life IS too short Bailey^-' gives a review of literature up to 1959, including 
work done both on fission products and on spallation products Some later studies 
on isomeric yield ratios ’.om ordinary nuclear reactions can be found among the 
references Haller and Andirsson*** have even studied the yield ratio ‘*®'"Br/'*‘”Br 
from proton induced fission of uranium 

Parallel to the present work the yield ratio *'®‘'Nb/®^'"Nb produced by proton 
bombardment of uranium have been studied by Abecasis et o/ in Oslo, using a 
different approach, as well in chemical technique, as in counting technique 

Nuclear Data Sheets, National Academy of Scienties National Research Council, Washington 
DC 

S M Baiify, Report UCRL-8710 (1959) 

S Abecasis and S Nassiff, Informc No 38 (1960). Comision Nacional de Fnergia Atomiea, 
Argentina 

J R Huizenga and R Vandfnbosch, P/n v Rev 120, 1305 (1960) 

R Vandfnbosch and J R Huizfnga, P/tys Rev 120, 1313 (1960) 

S J Nassiff and H Vignan, Inlormc No 53 (1961), Comision Nacional de tncrgia Alomica, 
Argentina 

S J Nassiif,S Abecasis and a Mocoroa, Informc No 61 (1961), Comision Nacional de Fnergia 
Atomica, Argentina 

'“'I B Haller and G Rlidstam, 7 Inmy Nucl Clum 19, 1 (1961) 

‘“’I B Halllr and G Anoirsson, 7 liioij,' Nucl Chew 20, 12 (1961) 

""'S Abecasis R Hesboi . A C Pappas and R RAOichLt a. Private communication (1962) 
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Quantitative tlicoretical predictions based on a statistical model, have been shown 
to fit experimental yield latios from simpler nuclear reactions well,*'*-®* but no attempts 
have been made to explain the hssion results quantitatively, only qualitative 
suggestions are foiwaided 

However, one would imagine that these isomei ic yield ratios give some information 
about the spin disti ibution of the primary fission fragments From a series of experi- 
ments*"* wc know with a high degree of accuiacy the average number of neutrons 
cinitted from the hssion fiagmcnts, the average energy of these neutrons and also the 
mimber and eneigy of prompt g-iays following the neutron emission Using a 



Fiti I Decay sclicincs of "'Zr and “'Nb, reproduced from reference (I) with details 
II relevant for the present work omitted 

statistical model**’''. '■2) one can fiom these data calculate the expected yield ratio 
from a given spin of the piimary hssion fragment It is expected that a statistical 
model should apply paiticularly well to fission fragments if the fission takes place 
at an energy far from the thicshold The exact form of the spin distribution is un- 
known, but at least for small values of the angular momentum, the distribution may 
be well represented by its average value Following Vandcnbosc it and HuiztNOA**** 
one can from a fragment characterized only by its spin, calculate the ratio between 
the isomers of the final fission product by the use of the above mentioned information 
as neutron- and y-ray-energies and multiplicities 

The mam purpose of the present work is to study the isomeric yield ratio 
9')!;Nb/*’®"'Nb as a function of proton energy and target element, and to see if it is 
possible to gam some information on the order of magnitude of the angular momenta 
of the fission fragments using the above mentioned calculations 

The ratio "“Nb/®^Nb was intended to be a study of charge distribution, but it is 
also useful in testing the reliability of the isomeric yield latios 

The decay schemes of importance for this work are shown in Fig 1 <*’ In tin. 

following, “the isomeric yield ratio”, will refer to the ratio ®““Nb (- +j A’®"*Nb U ■) 
unless otherwise stated '' ' 

J Halpfrn, y4«;i Rev Nucl Sci 9, 245 (1959) (Review) 

T Ericson, Phil Mag SuppI 9, 425 (1960) 
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EXPERIMENTAL TECHNIQUE 

Target', and irradiations The targets used and their chemical form arc shown in Table 1 together 
with irradiation energies used for the particular target The thori urn dioxide, bismuth and lead targets 
were made from Johnson Matthcy “spiecpurc” chemicals while the uranium trioxide was prepared 
from Merck’s reagent grade uranylnitrate hexahydrate using a method described by Pappas 

Table 1 Irradiaiion data 


Target 

Target 

Bombarding energy (MeV) 

Number of 

clement 

material 

Max 

Average 

bombardments 

Pb 

Metal pieces 

65 

57 

3 



90 

80 

3 



115 

104 

3 



140 

128 

2 



170 

157 

2 

Bi 

Metal pieces 

65 

57 

3 



90 

80 




115 

104 

3 



140 

128 

2 



170 

157 

2 

111 

ThOi powder 

50 

41 

2 



65 

57 

3 



90 

80 

2 



115 

104 

4 



140 

128 

2 



170 

157 

2 

U 

UOj powder 

20 

15 

2 



35 

29 

3 



50 

43 

2 



65 

57 

2 



90 

80 

3 



115 

104 

5 



140 

128 

3 



170 

157 

7 


I he targets were all irradiated foi one hour in the circulating proton beam of the synchro-cyclotron 
at the Gustaf Werner Institute 

Sample pi epat at ion IJO3 was dissolved in cone HNOi, 1 hO, in cone HNO3 w ith some drops of 
0 1 M (NH 4 )j SiFj added, Bi in cone HNO3 and Pb m 6 M HNO3 In all cases 1 mg Nb-canier in 
ox.ilic acid was added to the solvent together with about 1 mg amounts of Zr, Te (W ), Tc (VI) and 
Mo holdback carriers 

NbiOj arH^O was precipitated from about 6 M HNOj by boiling and addition of KBrOj Mtcr 
dissolving the precipitate in hydrofluoric acid and performing two BaZrE, and LaFa scavengings 
from 3M HF, Nb^Gs v H^O was precipitated using H^BOj and NH 4 OH The precipitate was 
dissolved m 11 M HCl and niobium extracted with a solution of 7 per cent lribcn?ylaniine in chloro- 
form Niobium was stripped from the organic phase using 6 M HCl, and precipitated as hydroxide 
with NH4OH The hydroxide was dissolved in one drop of hydiofluonc acid, transferred to a VYNS 
him of about 0 1 mg/cm“ thickness and evaporated to dryness under a heating lamp 

"’’A C Pappas, AFCU-28C6, MlT -1 NS-fiJ (I?'"'') (Irruiiiial Eisseriat cn I. nivci'ity of Oslo) 
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1 o minimize the influence of growth of “'Nb Irom 65 day "'Zr, the first precipitation of hydrated 
niobium oxide was performed 10^-15 min after the end of irradiation It was shown that m the pres- 
ence of can icr ziiconium is not precipitated together with niobium under the conditions of the experi- 
ment As the problem in this work consisted of determining relative yields, the chemical yield was 
not determined, but is known” *’ to be o( the order of 30 per cent After about one month the purity 
of the samples was checked by measuring y-specira using a Hilger and Watts 3 in x 3 in Nal(Tl) 
crystal and a RIDL 400 channel pulse-height analyser A few samples showing low y-activilies not 
belonging to the decay ol “'‘Nb weic discarded I he others were counted for a time between three and 
seven months The impurities in the samples counted amounted to less than 0 01 per cent 

Dciermiiutiion oj iclativc yiehh The samples were counted in a flow proportional counter with a 
thin window (250 /ig/cin-) Unfortun.itely. low activities on many of the samples necessitated long 
counting times to obtain a reasonable number of counts (, 5000) and this led to few points on the 
decay curves for about one thud of the samples, with accompanying greater uncertainties in the 
resolution 

Resolution of the viccay cui ves was done graphically and the results corrected m a standard way” ” 
using correction factoi s given by Runs i am ” Pappas”’* and Ntavik and SrrvrNsoN An internal 
conversion cocflicicnt of 1 3”' '"* was used for the 231 keV internal transition from ’'’"‘Nb 

Txtrapolatcd values ot the activities at the end of irradiation are obtained from the decay curves 
If A icfcrs to “""Nb, B to “'“Nb .ind C to ““Nb, the following equations arc valid for the corrected 
activities 


D/'"- 

A V - 2 Ah , , 

— — Rpvfl - e-'v') 

^ \ /II 

(1) 


3 3 [(Aa -- A|t)(),)it Aj^yAlfl <’ ’’u') 

'A ■" 4l! 

12) 

yv'" 

y?JC(l 

(3) 


In the above equations, is the value obfaincd by making a linear extrapolation of the 35 day 

slope of the "’’“Nb decay back to the end of irradiation, and by subtracting this curve from the 
observed sum of the “’'"'Nb and ““KNb activities 

/ V n (' are decay constants, is the fission rate, Cy,)jt and yo arc the fission yields of A, B and 
C, and T is irradiation time From these equations the two ratios [y,)nlyx and to/fv ‘itc 

calculated 

The amount of “’Nb grown from “Vr during irradiation and before the chemical separation of the 
two elements, has been neglected, as it can be calculated to be less than 0 01 per cent ol the ““Zr yield 

fcXPERlMtNTAL RESULTS 

The yield ratios and are given in Table 2 

The dilTerenccs between the errors quoted for the isomeric yield ratio and for the 
ratio between ®®Nb and ^'’Nb indicate the difficulties encountered in the graphical 
resolution of the decay curves The latter procedure is expected to be responsible 
for almost all of the uncertainties m the results as most of the counting correction 
factors cancel in the ratios 

Figs 2 5 show the variation m the isomeric yield ratio and the ratio 

®®Nb/®^Nb as functions of the bombarding energy for the four different targets used 

'**’ E EIac.eb0 Unpublished results (1958) 

O Rudstam, Inaugural Dissertation, Uppsala (1956) 

(i«i £ Nervik and P C StrvFNsoN, Nuifeomcs 10, No 3, 18 (March 1952) 

”” L A Suvandl M Coefficients of Internal Conver\ion of y Radiation, Kcdtiemy 

of the USSR Moscow-Lcningrad (1956) 

1181 p Internal Conversion Coefficients, North Holland, Amsterdam (1958) 
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Table 2 — Experimental yield ratios 


Target 

Irradiation 
energy in 

MeV 

y(”''«Nb)/y(”™Nb) 

yrNb)/y("''Nb) 

Pb 

51 Ai^ 

26 dz 1 0 

3 2 110 


80 L 5 

70 H 1 6 

3 0 d 0 3 


104 L 6 

16 0-1; 5 0 

2 4 _ 0 7 


128 ± 6 

130 t 50 

2 3^06 


157 1 7 

14 2 ± 0 8 

18 0 3 

Bi 

57 rb 4 

28 + 17 

3 4 d, 1 7 


80 .1 5 

3 8 d 1 6 

2 2 10 6 


104 + 6 

5 3 ± 1 5 

19 10 3 


128 1 6 

9 9 10 6 

1 75 d 0 04 


157 1 7 

77-122 

1 61 J 001 



— 

— 

_ - 

Th 

43 d- 4 

1 9 d 1 0 

0 7 + 02 


57 ± 4 

32 1 04 

1 2 ' 0 3 


80 i 5 

5 1 d 2 0 

2 3 0 3 


104 t. 6 

4 5 -t 1 1 

3 1 =r 0 5 


128 ! 6 

80 d 3 

25 + 05 


157 I 7 

90 -■ 4 

15+06 

U 

15 1. 3 

0 06 ± 0 07 

11-04 


29 J. 3 

0 05 + 0 05 

07 10 1 


43 1 4 

0 7 d- 0 3 

1 0 n 0 1 


57 -> 4 

0 9 -i 0 1 

24 .01 


80 J. 5 

0 7 d; 0 1 

14-02 


104 L 6 

20_d03 

2 3-02 


128 d 6 

2 6 10 2 

15 0 1 


157 1 7 

40110 

14+03 


CALCULATIONS 

The statistical model used by Hui/lnoa and Vandi NitostH*'’"') has been used to 
calculate the isomeric yield ratio *'’''Nb/''’^”'Nb resulting from an excited ®*‘Nb nucleus 
emitting one neuttoii and four y-rays The number of neutrons and y-rays used is 
taken from the compilation of Halpern An underlying assumption is that the 
fissioning nucleus already has evaporated as many neutrons as energetically possible 
and that the fission is accompanied by about the same number of neutrons from the 
iragments as m thermal neutron fission of heavy nuclei This assumption is supported 
experimentally for uranium, eg by the work of Haroimi and Farilx who 
found about 2 5 neutrons after iission when uranium was bombarded with 147 MeV 
protons Concerning the other fissioning nuclei the asbumption is somew hat doubtful. 

The relative probability tor a fragment with angular momentum ./, to emit a 
neutron with orbital angular momentum I leading to a final state with angular 
momentum Jj is given by 

oc p(4) 'i* ""v r,(r) (4) 

.s (/, J) / (L *1 

Ci N Hardinc; and F J M Farilv, Fiar Phys Sm A 69, StQ (19S6) 
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wheic 7',(i) is the barrier transmission coefficient for a neutron with orbital angular 
momentum / and energy L p{Jf) is a theoretical level density factor given by*^”’“'> 

p{J,) pmiJj 1) exp [- {Jj d (5) 

where p(Jf) is the density of levels with spin Jj, p{0) is the density of levels with zero 
spin and a is the parameter chaiacterizing the distiibution function a“ is actually 
given by where is the nuclcai moment of inertia and T the nuclear 



fiij 6 — Calculated yield ratio “'‘«Nb/'’“'"Nb vs, asstimed initial fission fragment spin, 
for three dilTerent values ol the parameter a 

temperature Considering only dipole radiation, the relative piobabilities for a 
nucleus of spin J to decay to states with J - - 1,7 and 7 + 1 is determined by the 
level density factor (27^ 1) exp [ {J, \ \)^/2(T“] 

The transmission coefficient /’((£) m Equation (4) is taken from Ffld ct al 
and three values, 3, 4 and oo have been used for the parameter a in Equation (5) 
a has been so chosen because cr 4 p 1 is shown to fit a large number of expeii- 
mental data quite welf’®'"*'*'*’"''* and rr - oo has been used by a number of other 
authors in attempts to fit experimental results of isomeric yield ratios from different 
spallation reactions (see c g references 2 and 7) 

The resulting isomeric ratios as a function of the initial spin of the fission fragment 
are shown in Fig 6 for the three choices of cr 

These calculations are not expected to give clear-cut evidence cither to what is 
the spin of the fission fragments or to what magnitude of a® fils best. One was only 
looking for approximate values for the fission fragment spin, and it is realised that 
this could in this way only be achieved for the lowest isomer ratios Postulating any 

H A BkiHE,Jievs Mod Phys 9, 84 (1937> 

Bloch, T/iyy Rev 93, 1094 (1954) 

B T Feld, H Feshbach, M h G0LD»fROEK, H Goldstein, V F Wfisskoi’f, NYO-636 (1951 ) 
T Ericson, Nuc/ Phyi 11, 481 (1958) 

7 Ericson and V M Struiinski, Ai/c/ /Viyr 8, 284 (1958) 

A C Douglas and N Macdonald, Nud Phys 13, 382 (1959) 
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kind of distribution for the fragment spin will lead to curves having a higher starting 
point and a smaller slope This has recently been done by Warhanhk and Vanden- 
BOSCH<“®* in a study of the isomeric yield ratio ’®®”'Cs/'®'’‘'Cs produced by thermal 
neutron fission of 


DISCUSSION 

The ratio ''®‘'Nb/‘''’"‘Nb Figs 2 and 3 show that the ratio between the high spin 
isomer and the low spin isomer is small when the bombarding energy is low, and that 
It increases with increasing bombarding energy The result is in agreement with the 
^"'"ErfS— )/®®*Br(l +) ratio studied by Halm Rand Andersson The results from 
the woik of Ahlcasis et a! are also in excellent agreement with the present work, 
which is m disagreement with an earlier work by Jodra and Suoarman*-’’ on the 
'’’’Nb isomers However, as the bombardments even at the highest energy used, to 
some extent lead to the formation of a compound nucleus,*’*' the above results are 
expected from several reasons 

(a) The angular momentum brought in by the incoming proton increases strongly 
with energy 

(b) The nucleons evaporated fiom the compound nucleus are not expected to 
lower the avciage angular momentum to any appreciable extent, but merely 
serve to broaden the angular momentum distribution If the nucleus fissions 
before evaporation of neutrons, the same reasoning applies to the neutron 
evaporation from fission fragments 

(c) From (a) and (b) follows that the fissioning nucleus will have an average 
angular momentum that increases with increasing bombarding energy 
Studies of angular distributions of fission fragments have shown that a great 
deal of this angular momentum goes into orbital motion, but as energy is 
raised, more appears as intrinsic spin of the fragments 

The flattening of the curves at the high energies, indicated in Fig 3, is easily 
explained as due to competition from direct reactions, which do not bring m so 
much angular momentum to the resulting nucleus, but could also be due to the spin 
cutoff factor a-, which forces evaporating neutrons to take away appreciable amounts 
of angular momentum when this is very high 

Recently Grover*”*' has pointed out, however, that j'-emission is a serious com- 
petitor to neutron emission when the angular momentum is high, following from the 
fact that when a nucleus decays by neutron emission it looses much eneigy and very 
little angular momentum The level density for high spin states in the energy region 
reached after neutron emission, may be very low and so the neutron decay will be 
highly forbidden even though it is energetically allowed This picture applies well to 
the fission fragments, but if we follow this line of thinking, we have to consider 
three competing processes, i e neutron emission, fission and >’-cmission, m the 
oiiginal compounij nucleus The prediction of results is thus made more dilhcult 

' H Warhanfk and R Vandfnbosch Personal commiinicalion from R Vanofnbosch (1962) 

' U Cl Jodra and N Suoarman, P/in Rer 99, 1470 (1955) 

' N McrROFOLis, R Bivins, M Siorm, A Tiirkfvrh, J M Miller .ind G pRirnLANDFR, P/ii v 
110, 185 (1958) 

I R Grovir, P/(vv Rev 123,267 (196)), 127. 2)42 (1962) 



1210 


h Haoeb0 


Comparing F/gs 2 and 6 consideiing the calculations to be valid, the angular 
moincntuin ot tlie uranium fission fiagnients have to be very small At this point 
it may be staled that if the ratios contain any contribution from the decay of '•^Zr, a 
correction for this contiibution will make the ratios even smaller 

Com N i't have studied the aiigulai distribution of fragments from fission of 
uiamum with 22 MeV protons According to their result, an appreciable amount of 
the total angular momentum becomes inti insic spin of the fragments They measured, 
howesci only avciage anisotropies for each mass number, and it may well be possible 
that an improbable nucleus like ’’’Nb is formed in a process different from the average 
one To be able to sec if this reasoning is plausible, one experiment that we should 
like to see is a study of angular distributions of shielded nuclei This will probably 
also tell us something about the division between the fragments of the vector K, the 
projection of the total angular momentum I of the fissioning nucleus on the symmetry 
axis 

fhe fission of thoiium, bismuth and lead give all much higher isomeric yield 
latios foi the energies studied '’’Nb is not so improbable by fission of bismuth and 
lead'^^fi and according to the above discussion the ratio could be higher 

Both theory' jpd experiment''’'^ have shown, howcvei, that for nuclei whose 
fission Cl OSS section is small compared to the total inelastic cross section, the fission 
cross section inci cases when the angular momentum of the target- bombaiding ion 
system is inci cased, holding the total energy of the system constant If this angular 
momentum is connected with the rotational cneigy needed to obtain the deformation 
of the nucleus at saddlepoint, it has to be larger when going from uranium towards 
lead 

In Older to draw conclusions on these questions, one has to study more than 
one isomeiic pair further work is therefore in progress 

The loiio ''’''Nb/‘’’Nb This ratio was from charge distribution systematics expected 
to be large at low energies and to become smaller when the bombarding energy is 
increased That this is not the case can not be explained from present knowledge of 
charge distributions of fission fragments Instead it is taken to be an indication of 
the existence of a short lived niobium isomer with mass number 96, decaying mainly 
by /?-decay to molybdenum The existence of such an isomer has been predicted"'" 
because the yield of 24 hr '■"'Nb from thermal neutron fission of ""'li is lower than 
expected from charge distribution systematics Thus from the trend of the curves in 
Figs 4 and 5 it is expected that the missing isomeric state should have the lower 
spin of the two isomers 

This ratio produced by fission of bismuth and lead shows a more expected trend, 
because 24 hr ‘"’Nb for all the energies studied has the highest yield, while a definite 
deviation is seen m Fig 4 

The explanation given above is, however, somewhat unsatisfactory as careful 

'‘“'B L CoHiN, B L PtRRELi -B ryan, D J Coomhi and M K. Hullinos, P/ij'i Rev 98,685 
(1955) 

R H Goeckerman and I Perlman, P/iys Rev 76, 628 (1949) 

G A PiK-PicHAK, 5 oi7c/ /’/ lynci-yfiTP 7, 258 (1958) 

R Hiskis, Report UCRL-9275 (I960) 

J Gilmore, Report UCRL-9304 (1960) 

0-1 A C Wahi,2 Inor^s’ Nucl Chem 6,263(1958) 
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search*'^”' for the lacking isomer has been unsuccessful Croall<®®> has also looked 
for the missing yield in thermal neutron fission of by studying the yield of stable 
‘•“Mo Even this yield was too low Thus the field is open for new ideas. 
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THE YIELDS OF THE ISOMERS OF ^^Se AND «^Se 
IN THE THERMAL NEUTRON FISSION OF 


J F Croall and H H Willis 
A E R E , Harwell, Didcot, Berks 

(Received 5 December 1962) 


Abstract — The cumulative yields of *'Se, **‘"Se, *”Se, *®Br and **Br in the thermal neutron fission of 
“*“Pu have been measured radiochemically From these results and previous studies of the selenium 
isomer yields in fission, it is concluded that the ratio of the formation cross section for the high 
spin isomer "*Se to the total formation cross section for both isomers is ; 0 8 Calculations based on 
a statistical theory of spin distributions of the nuclear level density indicate that the fragments pro- 
duced in “^“Pu fission have a mean intrinsic angular momentum of the order of eight units 


Recent measurements**’ of the cumulative yields of the isomers of *'Se and ®®Se in 
the thermal neutron fission of and and the 20 MeV-proton fission of 
have provided evidence for the favouring, in independent formation, of the high spin 
isomers of both nuclides in the 20 MeV proton fission of Reported here is the 
extension of these studies to the thermal neutron fission of ^®®Pu 

®'Se has two isomers, of which the upper level energetically, 57 min *’”"Se, has the 
higher spin ***’ For “’’Se the ground state with half-life of 25 min is the high spin 
isomer and the upper level (69 sec) decays directly by /^'-emission to ®’Kr *2’ The 
diagram below shows the fission chains for masses 81 and 83 



"'Set 5 ) 

(18 min) 


“^’"Sc(5 ) 



(25 min) 


>‘‘’Ki(Mahlc) 


None of the yields of these selenium isomers in the thermal neution fission of *’'*'*Pu 
has previously been reported, and of the other yields rcpoited in this woi k only that 

"’IF Croall and H H WiiLls, / J/toit; i\iul Chem 24, 221 (1962) 

K Way, R W Kino, C L McGinnis and R van Liisiioi r, U S A 1 C Report. TID 5100 
(1955) 

D Strominc.lr, J M Hoi t anoi r and G T Siaiior(< Rh Mod Pin \ 30, 585 (1958) 
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of ®^Br has been measured However the value of 0 08 per cent for the cumulative 
yield of is not consistent with the values of 0 29 per cent and 0 47 per cent 

reported for '^'’Kr and ®^Kr respectively ’’ •** This discrepency will be considered later 

LXPF.RIMLN FAL 

The selenium and bromine yields were measured separately in two scries of experiments All 
irradiations were made in the pneumatic tube assembly in the BbPO reactor, m a flux of the order of 
1 2 10'^ neutrons cm^^ sec ‘ The lengths of the irradiations varied between 1 mm and 20 min 

tn some early bromine luns the plutonium was irradiated in solution as plutonium (IV) nitrate,'^’ 
but as consistent results could not be obtained between separate irradiations this method was aban- 
doned In all subsequent irradiations for both bromine and selenium determinations the samples were 
plutonium (IV) nitrate crystals wrapped in aluminium foil The whole samples, including the alumi- 
nium foil were dissolved in dilute hydrochloric acid in the presence of bromine (in the form of bromatc 
ton), selenium, barium and molybdenum carriers Duplicate analyses tor '■"'Ba or "'Mo were carried 
out on small aliquots of the solution (or each irradiation, the bulk of the solution being taken for the 
bromine or selenium analyses All radiochemical procedures employed here were the same as those 
adopted for the earlier studies of uranium fission 

The radiochemically purihed samples were mounted on tared filter paper disks using a standard 
filter stick After drying and weighing they were then counted in a 2tt gas-llow proportional 
counter 

The decay of both bromine and selenium samples was followed until the counting rate was 
essentially the background for the counter The bromine decay curves were relatively simple, showing 
only 2 48 hr and 32 min components due to "’Br and "'Br respectively The selenium decay curve is 
more complex as we have 18 min "'Se growing in from "‘"iSc and ""Br growing in from "•’be The an- 
alysis of the decay cutves was carried out on an IBM 7090 computer, using a least squares fitting 
programme based on the approach proposed by von Holdi'” 

1 he counting rates ol the bromine and selenium species at the end of the irradiation obtained from 
these analyses were corrected for self-absorption, back-scattering and counter efficiency'" " so as to 
make them strictly comparable with the ""Ba and "*Mo used as standards tor the fission yield deter- 
minations 

The cumulative fission yields of ‘"'Ba and “"Mo were taken as 5 4 per cent and 6 1 per cent re- 
spectively 

RESULTS 

The early nans, in which the plutonium was ii radiated in solution, gave erratic 
results for the bromine yields The cumulative yields observed were of the order of 
0 06 per cent and 0 07 per cent for ^‘^Br and “‘‘Br respectively A similar experimental 
arrangement was used by Finkle et al'-*'* to obtain a value of 0 08 per cent for the 
®®Br yield These results are, as mentioned earlier, inconsistent with the mass spectro- 
metncally determined yields for ®’Kr and '**Kr. This fact, together with the spread of 
the present results suggested either loss of bromine or incomplete exchange between 
the carrier and radiogenic bromine On changing to targets consisting of solid 
plutonium nitrate wrapped in aluminium foil yields consistent with the and 

B Finkle, E J HoaCiLanij, S Kaecoff and N Sugarman, National Nuclear Energy Series, 
Division IV, Vol 9, Paper 216, McGraw-Hill, New York (1953) 

““ H R Fickel and R H Tomlinson, Canad J Phys 37, 916, (1959) 

K Fritzl, C C McMullln and H G Thouf, Proceeding of the Second International Confer- 
ence on the Peaceful usei of Atomic Energy, Geneva 1958 Paper 187, United Nations (1958) 

R E VON Holdt, Lawrence Radiation Laboratory, University of California, Livermore, Cali- 
fornia (1961) 

'">J G CUNINGHAMF, M L SizELAND and H H Willis, AERE-C/R 2054 (1957). 

J G CuNiNGiiAME, Private communication (1959) 

S Katcoff, Nucleonics 18, 201 (1960) 
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yields, and also reproducible from experiment to experiment, were observed Eleven 
determinations of the bromine yields were made, the duration of the irradiations 
varying between 1 and 20 min and the cooling period before processing ranged from 
10 mm to 2 hr The observed cumulative yields arc 

®^Br 0 303 _E 0 046 per cent 
«^Br 0 407 1 0 040 pci cent 

The liniits quoted arc twice the observed standard deviations, no account being taken 
of any errors on the assumed yields of “‘‘Mo and '^®Ba No significant diflcrences 
were observed between the measurements made using ‘■'^Mo as the standard and those 
which used '^“Ba as the standard 

Fourteen determinations of the selenium yields were made, ten relative to ^*’Ba 
and four relative to ^'’Mo Again, there was no observable difference between the two 
types of experiment Table 1 below gives the observed cumulative yields 

TaBLI 1 — CUMULAIIVL S Itl DS OI HIE ISOMERS OF "'Se AND “Sc 
IN THE THFRMAl NFUTRON FISSION OF ’"“Pu 


57 nun 

"‘"'Sc 

0 0044 

J- 0 (X)14 per cent 

18 min 

"'Sc 

0 178 

0 025 per cent 

25 nun 

"’Sc 

0 157 

0 021 percent 


DISCUSSION 

Table 2 shows the ratios of the cumulative yields of the selenium isomers as 
determined in this work and from reference (1) 

Table 2 — Rahos of the cumulative sirLDS of hil isomfrs oi "'Se and "’Sc in 

rHFRMAL MIIIRON FISSION 

’•*'U -’"Pu 

2"! 10 40 _ 15 

0 07 0 05 1 08 0 1 5 


"'Sc 

HlmSe 

"’Sc 

"'"'Se 


’’’U 
28 I- 6 


0 62 ; 0 05 


As the cumulative yield ratio is predominantly fixed by the branching ratio of the 
precursors, any significant difference in the ratios is due to a difference in the proportion 
of the cumulative yield formed independently at the isomer pair in question The 
equal charge distribution rule*'*''"* predicts the following fiactional chain yields for 
^^Se in thermal neutron fission 0 16, 0 20 and “®‘'U 0 27 No significant 

difference in the cumulative yield latio for “•’Se between -’®^U and ■’'’■’U fission is 
apparent However, the 83/83rn ratio for “^’Pu fission is significantly different The 
inerease in the proportion of the high spin isomer “'’Se can only be explained by the 
tact that independent formation of “■’Se and “•’"‘Se leads predominantly to the high 
spin isomer (“’Se) 

'“'L E Gllndenin, C D Coryell and R R Edwards Radio Chemical Studies The Tii'iioii 
Products (Edited by C D Corseil and N Sugarman) NNES, Plutonium Project Record Div 
IV, Vol 9, Paper 52 McGraw-Hill, New \ork (1951) 

"“’A C Waul, R L Ferguson, D R Nethaw'ai, D V Trolitnir, K. Wolfsbirg, Puss Rei 
126, 1112 (1962) 
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The following equations, involving the hssion yields of the '"’Se isomers, can be 
set up 

f , I 0 218 C\u + /,.u 0 157 

C I r A,"' 0 34 CV.."‘ + A>u"' -0 146 

/i ! 7, - 0 089 A,u"‘ I- - 0 082 

Wheie / denotes the independent yields of '^^Se (no siipci script) and “■•’"'Sc (siipersciipt 
m) in the theimal ncution lission of and as indicated by the subscripts 
C similarly denotes the amounts of“*Sc and “^"‘Se foimed by decay of their precursors 
Since the precursor of “’’Se has a fixed branching latio for decay we also have 

11 fi'ii 

III /’ III 

LI '-I’U 

Whilst this system of equations cannot be completely solved, limits on the latios 
/, and A'ii/Aai"‘ can be obtained These are 



These values are consistent with values for the branching latio for the decay of the 
prccursois given by 

0 52 ' Cu --091 

C m 

V 


The idlio A'u/A'u"‘ can then be expressed, more conventionally in teims of the for- 
mation cross sections foi the high spin ground state (a^,) and the isomeric state (o-m) 


— ~ 0 63 

(Jg -\~ Ora 

Tn studies of the production of isomer pairs by {n,y) reactions it has been observed 
that the ratio of the cross sections for the formation of the tw'O states is such that the 
isomeric state with spin closest to that of the compound nucleus is favoured 
For example, in the formation of “’’Sc by slow neutron capture in ®^Se (I = 0) the 
compound nucleus has a spin of ], and the observed isomer latio frg/(o'g + o-m) is 
0 08 The compound nucleus formed by .v-wavc neutron capture in (/ =- \) 
can have spins 0 or 1, a spin distribution similar to that involved in the (n, y) reaction 
on “-Se, and it would therefore be expected that the low spin isomer of ®®Se would be 
favoured in fission That this is not so suggests that the formation of the fission 
fragments from the compound nuclear state takes place in such a manner as to 
introduce considerable angular momentum into the fragments This initial angular 
momentum distribution is then modified by neutron and 7-ray emission, but must 
still be characterised by a high enough root mean square angular momentum to 

E DER Mateosian and M Goldhaber, Phys Rev 108, 766 (1957). 

J R Arnold and N Sugarman, / Chem Phys 15,701(1947) 
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account for the favouring of the high spin isomer Vandfnbosch and ’®> 

have developed a statistical method for the calculation of the isomer ratios in («, y) 
reactions wheie the initial angular momentum distribution in the compound nucleus 
IS known This procedure can be reversed, and used to make an estimate of the 
initial angular momentum distribution in a fission fragment by comparing the 
observed isomer ratio with those obtained from various angular momentum dis- 
tributions Warhanfk and VANDFNBOscih‘'* have recently applied this method to 
the photofission of using the ^®^Cs to i®^’"Cs cross section latio and to the thermal 
neutron fission of ^^’’U using the to ^^'Te ratio determined by Erbem ei n/"®* 

In both cases the isomer ratios were found to be consistent with an initial angular 
momentum distribution for the fragment characterised by a root mean square angular 
momentum of 8 7 or 10 depending on whether 1 or 2 neutrons are assumed to be 
emitted from the fragments The compound nuclei have spins of ], ] and I for 
photofission of and 3 or 4 for neutron fission of The initial angular 

momentum distribution is taken to have the form 

MJ) - (2J + l)exp 

where N{J) is the number of states with spin 7 and \/2h - \ 'J^, the root mean square 
angular momentum which characterises the distribution The calculation of the 

angular momentum at various stages in the de-e\citation process of neutron emission 
and >'-ray cascade follows the procedure given by Hlizfnc.a and Vandfnbosch 
It was assumed that one neutron was emitted*-®' and that three gamma rays were 
emitted in the de-cxcilation process The y-ray cascade was taken to consist entirely 
of dipole radiation 

Table 3 show's the calculated isomer ratios for various (assumed) initial angular 
momentum distributions 


Tablc 3 — Calciii aicd — vai ns 


Ft)R THF ISOMFRS OF "’Sc 





20 

0 14 

40 

0 66 

60 

0 78 

80 

0 84 


The expeiimental value for the isomei ratio of 0 63 corresponds to an initial 
distribution with >40 A change in the number of ;’-ra\s insohed in the 

J R Huizfnoa arid R Vanofneosch, P/ii s Rev 120,1305(1960) 

R Vandfnbosch and J R Huizcnc.a, P/in Rcr 120. 1313 (1960) 

R Vanoenbosch, Argonne Nalional Laboratoiy, USA Privale i.omniunii-ation (1962) 

M T Erbfn, L E Glfndfnin and E P Silinblri. Argonne National Laboraioiv Pri\ate 
coinmunicaiion (1958) 

T Fricson and V Sirufinsm Nuil Phw 8,284 (1958) 

Vt M Hoifman, Los Alamos Scientific Laboratory, USA Privale communicaiion (1962) 
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dc-cxcitation from three to two or four results in a change of less than 10 per cent m the 
calcuLiled isomer ratio 

The initial angular momentum distribution previously estimated*^'’ for the thermal 
neutron hssion of “■’’•U suggests that the high spin isomer of “'^Se will be favoured in 
this process, thus modifying the expression for jli."' to 

1 < /u/Zu™ < 1*6 

The isonci latio estimated lor “'‘'I'u fission is then changed to o'g/(o'm + Ug) > 0 8, 
eoi responding to \ J- 8 in the fission fragment compared with a value of 0 or 1 
for the spin of the compound nucleus 

Recent studies of tlie angular anisotropy of the gamma quanta emitted m the 
thermal neutron fission of -''■'Pii have been made by Hoffman The observed 
anisotropy was found to he consistent with an initial angular momentum for the 
fragments of si\ to eight units 

Calculations'-^ indicate that up to ten units of angular momentum could arise 
fiom elccliostatic toices between the fragments, is a non-eolineai ity of the distorted 
fiagmcnts, just after scission has t iken pl.iec, could give rise to a transverse component 
of coulomb lepulsion between the fuigmcnts The picsence of a laige amount of 
angular momentum in the fragments is also consistent with the anisotropy of prompt 
neution emission observed by Ramanna et a/'--** 

Aikn<iwlcit"ci>i<.nt\ The' aulhois are iiufcbied to Mr Ct N Walton lor helpful discussions and to 
Dr K Vandlsmosch and Dr M M Hoi-fman who made available as yet unpublished icsulls 

h M CiLovLRandM M Hoh-man, ^//// A/mr Plm Soc 7, 18(1962) 

V M stRLiiNski, iocict rh\u(sJi rr, 37, 861 < 1959 ) 

R Ramanna, R c H vc'uiiKY, S S Kapoor, K Mikkl, S R S MimmvandP N Rama Rao, 
Niu/ J'Ins 25, Mb (1961) 
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CHEMICAL SHIFTS OF THE METHYL DERIVATIVES 
OF THE REPRESENTATIVE ELEMENTS 

C R McCoy and A L Aluied 

Deparlmcnt of ChemisLiy, Northwestern University, Lvanston, Illinois 
(Receuetl 1 Apiil 1963) 

Abstract The trends of the proton chemical shifts exhibited by the simple niethvl compounds of the 
elements in the /me, cat bon, nitrogen, oxygen and fluoiinc groups are summari/ed and discussed in 
tci ms of the polarities of the carbon metal bonds and itthcr faetois The ehcmical shitts of the methyl 
del ivatives of zinc, cadmium and mercury aic consistent with the relative electronegativities increasing 
monotemically with period ntimber and having the values 1 h*' 1 69 and 2 00, respectively, for these 
elements in divalent states 


NuMiKOUi reports have dealt with the nuclear niagnetie icsonance (N M R ) spectra 
of alkyl groups bonded to various elements and functional groups The complexity 
of the factors which determine the chemical shifts is widely rccogni/cd, and, at present, 
theic are no general methods for piedicting the relative chemical shifts ol methyl and 
other alkyl groups in veiy diflercnt types of environments However, the proton 
chemical shifts of the methyl halides at infinite dilution in an inert, magnetically 
isotropic solvent aic a linear function of electronegativity of the halogens," and 
comparable variations aic observed for the proton icsonance of the tetramethyl 
compounds of the carbon group*"* ’* and the Inmcthyl compounds of the nitrogen 
group 7’he order of increasing chemical shifts of ’ *C m the tetramethyl compounds 
of the carbon group does not paiallcl the order for 

To clcternime if a general trend exists for the chemical shifts of methyl derivatives 
of the repicsentative elements, additional chemical shift data have been collected and 
some existing data have been treated to obtain chemical slnfls for methyl compounds 
in a common solvent 


EXPTRIMENl AL 

Prepaialioii of cornpounth 

Dimclhyl/inc, dimcthyleadmium and dimcthylnicrcury were prepaied and anal>sed by prev loiisly 
described procedures ” ' *’ Dinielhylstilphidc (Eastman) and carbon tetrachloride (Easim.an) were 
Lived without additional purification Tetramelhylsilanc (Anderson thcniical Company) was redis- 
tilled alter shaking with sulphuiic acid 

"A L ALtRiuandF G Roctiovv,^ -tmer Cliciii Soc 79,5161(1957) 

R P DAiiLYandJ N SiicxjlLRV.y Anici Chem Soc 77, 3977(1955) 

"A L AtERinandT R Rociiow, 7 liuv" Nucl Cbr/u , 5. 269 (1958) 

A L AiLRFDandE R Rociiow,/ //to/,!,' Nucl C/tew , 20, 167 (1961) 

'"’A L At LRt-ii and A L Hinsiiy.Jr J hior^ Nucl ( hciii 17, 43 (1961) 

"■’il Si'iESfcCKL and W G SciiNLioi R. / (hem Ph\\ 35, 722 (1961) 

^’11 Gilman and R L Brown, / Amec (hem Soc 52, 3314(1930) 

H GiiMANandJ E Ntison, Ree Tiav Chim 55 , 518 (I93fi) 

'*‘C' R McCoy and A E Allrio. / Amer (hem Sac 84,912 (1962) 
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.f/Z'yf' ■'■'/ti/’/z/t ’///(•///) 

\ ^^ R spc-c(r.i ucvc' o^scTu-J af l^C «,r/, a Va/;an Ass.K/a/es, /nc., hmh-re.oluUon 
spectrometer operating at (>0 Mt s for iltmolhyhulpbuh and ar 40 Mc/s tor dmiet/iyl^jnc, dimethyl- 
cadmium and dimcthylmercury t ach compound was insestigated at five or six concentrations 
ranging Irom 2 5 to 100 per cent I he S mm o d Pyrex sample tube contained a sealed glass capillary 
filled SMili benrvne (vslernal iclcrence) 

T he c hen I leal slid N act c measured hy the side-band technique and are leported in parts per million. 


Rf SULI'S 

The cheniical sliifts of pure dimctliyl/mc, dimethyleadmium, dimethylmcrcury, 
and dimethylsLilphidc arc 6 84, 6 25, 5 46 and 4 63 ppm, respectively, with respect 


I \m L I tlFIMKAI snins <>i mliiivi compolinds 



a* 

( p p m ) 

Solvent 

r \lerndl 
reference 

'vr 

( .lie 
(p p ni ) 

tleelroncgalivity' 

1 

0 5E" 

cn, 

41,0 

2 26 

3 98 

n 

1 74'“ 

<614 

H.O 

3 47 

3 16 

Br 

2 10'“ 

(Cl. 

H.O 

3 83 

2 96 

1 

2 60'“ 

C(I, 

H/3 

4 33 

2 66 

() 

1 55'“ 

< (1. 

H.O 

3 28 

3 44 

s 

441 

tC-l. 

tdU 

4 41 

2 58 

N 

3 I8''> 

CiCIh). 

11,0 

4 30 

3 04 

P 

4 35''‘' 

C(CII,), 

11,0 

5 47 

2 19 

As 

4 39' ' 

< It H,), 

HjO 

S 51 

2 18 

Sb 

4 53'“ 


11.0 

5 65 

2 05 

Bi 

4 19'“ 

f (Cllsb 

11,0 

5 31 

2 02 

C 

3 S5'''’ 

CCl, 

no 

5 5« 

2 55 

Si 

4 74''“ 

CCI, 

11,0 

6 47 

1 90 

Ge 

4 62'“ 

<-CI. 

11,0 

6 35 

2 01 

Sn 

4 70' " 

rci, 

H.O 

6 43 

1 96 

Pb 

4 04'“ 

cn. 

H,0 

5 77 

2 33 

Zn 

7 41 

SilCH,), 


7 01 

1 65 

Cd 

7 32 

Si(CH3) j 

C'cH, 

6 92 

1 69 

Hg 

6 61 

Si(( H,), 

C’„Ho 

6 21 

2 00 


• Extrapolated to infinite dilution 

t Infinite dilution in carbon tetrachloiide mih benzene as the external reference All icsonanccs 
occur at higher applied lields than that required for benzene 


to the external reference, benzene, which exhibits resonance at a lower applied field 
The chemical shifts extrapolated to infinite dilution for these compounds and the 
solvents are tabulated in Table 1 In all cases, the variation of chemical shift with 
concentration is linear 

Also tabulated m Table 1 arc the chemical shifts for fifteen other methyl derivatives 
at inhnite dilution in either neopentane or carbon tetrachloride 

In column 5 of Table 1 are the calculated or observed chemical shifts with respect 
to the external reference, benzene, for the methyl derivatives at infinite dilution in the 
common solvent, carbon tetrachloride Some of the methyl compounds of the Group 
II and Group V elements react rapidly with carbon tetrachloride and could not bt 
observed directly in that solvent For the compounds of Group V, it was assumed 
that the resonance positions with respect to an external reference decrease by the 



(. hLnuci\shHlM>nhc »VKOn\vlcii\aM\rMil Ulc tcpit tU,.^ ,, p-., 

, unounl (average 0 b\ p p m in going Ironi inlumc dilution m luopuitinc 
(o mlinde dduVton \u carbon VcWacWoridc as vbe proton resonances of inediNl halides 
nccTcase v.ab an \dcnvvca\ change \n soUetUs Msei, vbe ealeulaVed values oV lor 
dnnclh-yhtnc, dimclb-^kadmium and dnnelh^lmcreury are based on the observalion 
that the chemical shift (external reference) of letramethylsilane in pure tetramclhyl- 
silane is greater than that of tetramethylsilane (using the same external refereneej 
at infinite dilution in carbon tetrachloride by 0 40 p p m 

The chemical shifts, relative to methane gas, of twelve gaseous methyl compounds, 
observed by SHitsrt ke and Schneider,'**' can be compared with calculated and 
observed values in Table 1 By the addition of 6 30 p p m to these chemical shift 
values for gases, the corresponding chemical shifts m column 5 of Table I are obtained 
to within 10 15 p p m with an average deviation of 0 07 p p m 7 hus solvent effects 
are fairly constant 

DISCUSSION 

Chemical sliifls Fig 1 is a plot of electronegativity*’*" difference, — /, . for the 

components of the C — Y bond vs the corresponding chemical shifts, 4' m column 5 

Several trends are apparent in Fig 1 

(1) Consideiing all of the data, one finds a rough linear correlation of y ^ — /r 
with b' 



S(ppm ) 

F r. 1 — Plot the diUcrence of electronegativity, X(- for the carbon-rcprcvcnlalive 
element bond vs the proton chemical shill of the mcth)l group 

"“’A L Allrfd, / Ittori; Niicl Cliciii 17, 215 (1%1) 
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(2) for the indtvidudl groups of elements, in the periodic system, there is little 
scatter of points from stiaight lines 

(3) The lines are approximately parallel 

(4) The points for the compounds which are formed by the elements of Groups 
11 and JV and which do not contain “lone pans” of elections could be fitted 
approximately by a single line Displaced toward lower fields from the Group 
II IV line arc lines foi Group V, Gioup VI, and Group Vlf, respectively, 
coriesponding to the older of increasing number of “lone pairs” 7cro, one, 
two, and thiec The increase m chemical shift upon replacing Y with Y — Cis 
reminiscent of the up-field shift upon replacing C — H by C - C in a large 
number of alkyl derivatives'^' 

(5) In the plot of y ^ y, , obtained by the common thermochemical method with 
lecent data, as a function of d', the points for the sixth period elements, 
meicuiy, lead and bismuth tend to be displaced slightly to lower fields, possibly 
due to a paramagnetic contiibution 

TaIUL 2 Ull'ORllI) VAIIIIS 01 I I I r IRONIOATISI 1 ns 01 IHF 
IIIMINIS Oh tatoijp ll-B 



Zn 

Cd 

Hg 

T hti inocliemical data 
Rcicrence 10 

1 65 

1 69 

2 00 

PAUI INC," ■’ 

1 6 

1 7 

1 9 

Work ( 110011011 "“’ 

1 5 

1 6 

1 8 

Electrostatics 

/Tcff r"" 

1 21 

1 13 



1 66 

1 46 


Stability ratio""' 

1 86 

1 73 

1 92 

1 01 cc constant"" 

* 


1 8 


* Not reported lor divalent compounds 

The trimethyl compounds of Group Ill-B elements have not been included here 
due to varying tendencies toward dimeri/ation However, the internal chemical shifts, 
of the ethyl derivatives have been correlated with the electronegativities 
of the Group III elements 

Electronegatii ittes oj zinc, cadmium and mercury Various methods for estimating 
the electronegativities of the elements of Groups IV and V have been discussed 
elsewhere For the 7inc, cadmium and mercury group, values of electronegativity 
from various scales are assembled in Table 2 

’“’A A BorHNtR-BY and C Naar-Cohn, vtwi NY Acad iVti , 70, 833 (1958) 

J R Cavanaugh and D P Daillv, 7 Lhem Phys 34, 1099 (1961) and references therein 
N F Ramsiy, Pf/ys Rev 86,243(1952) 

n*’ S Browns rEiN, B C Smith, G Ehriich and A W LAURhNOAYhR, d Amcr Cheni Soc 81, 
3826(1959) 

L VwLWO, Nature oj the Cliemual Bond p 93 Cornell, Ithaca (1960) 

'‘“'W GoRDvandW J O Thomas, / Chem Phys 24, 439 (1956) 

W Gordy, P/i/i Rev 69,604 (1946) 

•**' A L Allred and E G Rociiow, / Inorg Nuil Cheni 5,264(1958) 
a») R -p Sanderson, CAe/nica/Pmof/icUy p 34 Reinhoid, New York (1960) 

'”'W Gordy, / Chem Phys 14,305 (1946) 
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There is considerable divergence in both order and magnitude of the values in 
Table 2 The scales from electrostatic potential, electrostatic force and “stability 
ratios” are based on etude models and, in this case, the electronegativities from 
thermochemical data and from work functions may be more reliable For each of 
these Group II elements, the three computations, based on for dichlorides, 
dibromides, and diiodidcs, agreed well with each other'"' The increasing order of 
electronegativities, y/^ ' yea < Zuk’ from thermochemical data is consistent with 
the decreasing order of chemical shifts, — 7 01, 6 92 and 

'^(< ir i^iid ^ 621 pp m of the methyl derivatives of these divalent elements The 
electronegativities from woik functions indicate that the order of electron-attracting 
ability of the uncombmed metals is also //„ • ;^f.,i Xug. 

icluion Icilifcineiilt —Wc viish to cxpicss appreciaiion to the Rtseaah Corporation and to ihc Esso 
FdiiLation Foundation lor generous support of this icseareh 
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THE STABILITIES OF THE ALKALINE EARTH CHELATES 
OF SOME POLYAMINOPOLYCARBOXYLIC ACIDS 

J H Grimfs, a J Hhogard and S P Wilford 

Atomic Weapons Research hstablishment, Aldermaslon 

{Re ceiled 20 Deceinhei 1962, in u vised ftnm 27 March 1963) 

Abstract —Interactions of the alkaline earth metals with some polyammopolycarboxylic acids have 
been investigated by the potcntioinetrie titration method for aqueous solutions of ionic strength 
approximately 0 1 at 30^ Metal chelate formation constants have been calculated, and the effects of 
ligand structure on chelate stability are discussed 

Thf alkaline earth metals aie well known to form strong complexes with compounds 
containing iminodiacetic acid groups The stabilities of these complexes can be corre- 
lated with a number of ionic propcitics,"* and for calcium, strontium and barium, 
stability constants with the same ligand are invariably found to be m the order 
^(’iL ' ^sri, ' -^iiii (' ^ inverse order to that of the lomc radii) For calcium 

and magnesium, the order predicted from ionic properties ' A', ,j ) is frequently 

reversed, particularly with the polyammopolycarboxylic acids This is generally 
attributed to the overcrowding of donoi groups round the metal ion, resulting in 
mutual repulsion In the particular case of the magnesium ion and EDTA, Hi trtiFs 
and have suggested that overcrowding prevents some of the donor groups 

from displacing water molecules from the solvent sheath of the ion, so that fewer are 
displaced into solution than are from the calcium ion However, calorimetric data'®’ 
indicate that the enthalpy change, unlike the entropy change, is higher for calcium, 
from which it may be deduced that the spatial configuration of EDTA is such that the 
calcium ion co-ordinates in all six positions with less strain This deduction is sup- 
ported by infra-red spectroscopic data on the solid alkaline earth EDTA chelates '■*’ 
A large number of iminodiacetic acid derivatives is now known, and it is therefore 
possible to study the influence of electronic and steric variation on the order and 
degree of complex stability with a closely related group of metals A detailed analysis 
of this nature has been made by Sc iiwarzenbac ii et a! who studied the effect of 
various functional groups as partners to a single iminodiacetic acid residue The 
results were interpreted using the correlation between acid dissociation constant and 
metal stability constant- this relationship between ligand basicity and chelate stability 
has been well discussed in the literature 

In this paper this method of inteiprctation is used in the study of some other 
ligands 

A F Martiil and M Calvin, Chcmisin of the chelate compounds, Rrenliec-Hall, Englewood 
Cliffs (1956) 

''' V L Huuhis and A F Martfu,/ Ainei Clum Soe 78, 1319 (1956) 

R A Carl and L A K Stavh cy, / Clum Soc 4571 (1956) 

D T Sawyer and P J PAUisrN, 7 4nicr Client Soc 80, 1597 (1958) 

'’’(3 SciiwARZENBACH, G Anderfoo, W Schneidfr and H Senn, lleh Chtin Acta, 38. 1147 
(1955) 
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Mali'i lah 


rXPtRlMENl AL 


The followin'; ligands weic sliidied 


1 ,2-tlianiinopropanc-NNN'N'-tetTa-Jcclie acid* (C-Me-tDFA) HiL 
clhvIcncdianiinc-NN'-diacctic acid-NN'-ch-2-piopionic acid* (fcDDADP) H 4 L 
N N'-bis(aniinocthyl)cthyIenediaminc-NN'N 'N"N "N "-hcxa-aeelic 
acid* (T1 HA) lUL 

2-hydr(AY-l Vdianiinopropanc-NNN'N'-tctia-acctic acid) (HPDTA) H^L 
o-phcn^Icnediamine-NNN'N'-telra-acctic acid (o-PDIA) H,L 
1 l,‘'-ti uiininocyclohcKanc-NNN'N'N 'N"-hc\a-acclic acid (CTllA) H|,L 


Analyses of the coninicicially obtained ligands, after vsatcr washing and drying to constant 
elemental analysis, showed that they conkl be used without further piiriheation (in seiine cases hydrates 
were obtained) 1 hese aiFilyses were ('-Mc-I DTA (Found C, 412, H, 62, N, 9 15 Calc 

loi C,iH,.N.O„ G, 43 1 , II, ^ 9, N, 9 I5"„) 1 DDADP ( I ound C, 42 6, H, 6 9, N, 8 4 Calc 

for C’,,H.uN.O, 11,0 C, 42 6, 11, 6 6, N, 8 3",,) TTHA(Foiind C, 43 6, H. 6 I , N, 11 2 Calc 

for C„Hj„N,Oi, C 43 7, H, 6 1 , N, 11 3"„) I IPDl A (Found C, 35 1 , H, 6 1 , N, 7 7 Cale 

loi C,,IIi„N Ou III.O C, 35 1, 11,64, N, 7 4''J 

o-phenylenedi.uiune*NNN'N'-tetia-aeetic acid (u-PDl A) was picpaied by the method ol Oio/ai 
and Kato'"’ (I ound C, 49 5, H 4 9, N, 8 2, equivalent weight 86 1 Calculated tor CiiH,„N,08 
C’, 49 4, 11,4 7, N, 8 2“', equtvalent weight 85 0) Solutions of o-PDTA dcleiioiate with time, 
this effect being enhanced by ultra-violet light, and maximum stability was obtained by keeping the 
solid in a dry state in the absence ot light 

1 ,3,5-ti laminocyclohexane-NNN'N'N 'N"-hc\a-aeclie acid (Cl HA) was piepared using phloro- 
glueinol ,is the staiting maiciial 

Phloroglueinol tnoxime was prepared Irom phloroglueinol (A R grade, Messis B D 11 Ltd ) by 
a procedure based on Baeyer s method Phloroglueinol dihydiate (81 g, 0 5 mole) was added to an 
lee-cold mixture ot hydroxylaminc hydrochloiide (121 5 g, 1 75 moles) and potassium carbonate 
(121 5 g, 0 88 mole) m 3 5 1 of watei Ihc reaction mixture was placed in a darkened polythene 
container and stored in a lelrigciator ( 5') After 12 hr the mixtuie was filtcied to remove undis- 
solved materials, necessary pieeautions being taken to exclueic light 1 he filtrate was replaced m the 
darkened container and left in the relngerator lor seven days The mixture was then filtered and the 
precipitate obtained leached twice with boiling ethanol The crude phloroglueinol tiioxinic, so 
obtained, was purified by recrystalli/ation Irom methanol, giving the pure trioxime in 65 per cent 
yield, mp 155“(d) (Found C, 42 4, H, 5 5, N, 23 9 Calc "for CoH^N^O, C, 42 1 , H, 5 3, 
N, 24 6“„) 

Phloroglueinol trioximc was reduced to cyclohexane 1,3,5-triaminc (ccc) by the method of Lions 
and Mariin The triaminc was obtained m 46 per cent yield as a clear liquid, b p 10372 mm, and 
was characterized as the tri-hydroehloridc monohydratc, m p 320“ Lions and Martin cite 1 10'72 7 
min and 320' respectively 

CTHA was prepared by adding a solution of potassium chloroaeelatc (Prepared using “Analar" 
reagents 12 5 g in the minimum amount of water ) to a solution of cyclohexane-1, 3, 5-triamine (2 6 g 
in the minimum amount ot water) A yellow colour developed in the mixture Over a period of 3 hr 
a concentrated aqueous solution of potassium hydroxide (1 1 g) was added, whilst the mixture was 
stirred and heated at 85“ The temperature was maintained for a further seventy hours and then, 
after cooling, concentrated hydrochloric acid was added until the pH was about 2 The mixture (20 
ml) was poured into methanol (300 ml) and left standing for about eighteen hours at 0° The pie- 
cipjtatc which was formed was collected by filtration and twice purified by precipitation from watci/ 
methanol to give a white solid, m p 200°, which elemental analysis showed to be cycfo/icAane- 1,3,5 - 
tnamine-NNN'N'N"N"-hexa-acetic acid tn-hydrale with 0 05 molar proportions of lonizablc 

* The Geigy Company Ltd 

f Aldrich Chemical Co , Inc 
<*' K Otozai and I Kaio, Japan Analyst 8, 259 (1959) 

‘’'A Baeylr, Rer Dtfdi Chem OVs 19, 159 (1886) 

<*) F Lions and K- V Mariin, 2 Amer Chem Soc 79, 1572 (1957), 
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hydrogen replaced by potassium (Found C, 40 15, H, 5 7, N, 7 55, K (as ash), 2 0, Cl, 0 1, 
molecular weight 540 ,NaO„K„ 33H,,0 requires C, 39 8, H, 6 1 , N, 7 7, K, 2 2°(, molec- 

ular weight 543) A silver nitrate test indicated that chloride ion was absent Titration confirmed 
partial neutralization by 0 05 molar proportions of base 

The concentrations of the ligand solutions used ( - I t 10 ’ M) were determined by titration 
with a standard zinc solution using a melallochromic indicator 

Standard metal solutions and the carbonate free potassium hydroxide solution, used for titrations, 
were specially prepared by Messrs B D H Ltd 

In accordance with much published work,'”’ all titrations were carried out in the presence of a 
constant concentration of inert salt (0 1 M potassium chloride) Background acid (I 10 ’M 
perchloric acid) w'as present in those titrations where the stability constants were to be calculated 
alter litsiNti “Analar” water (Messrs BDII I td ) was used in the preparation of all solutions 

Appaialii^ 

Measurement of pH was made with an Flcctronic Instruments Ltd direct reading pH meter 
(Model 23A) using a glass electrode (TIL GHS23) and a relerencc cle’etrode (1 I I RJ23 Calomel) 
The instrument was standardized before each titiation with solutions picpared from Burroughs 
Wellcome buffer tablets (these confoiin to NBS dcf.nition of pH) Measurements o( pH were 
accurate to ; 0 02 pH units Titrations secie carried out at 30 0 0 2 in a double-walled glass 

cell ol total capacity 250 ml Water Irom a thermostat circulated through the outer jacket An 
“agla” micrometer syringe was used for alkali addition, a very fine polythene capillary being employed 
to prevent ditfusion ol alkali into the solution 

7 it! at ion pioccduie 

The appropriate solution (200 ml in ill eases) was pipetted into the titration cell, the electrodes 
and stirrci placed in position, .and ovygon-liec nitrogen, presaturated with water \apour by passing 
through water at 30 bubbled through the solution When tempenture equilibrium had been 
reached, the titration was caiiied out, time being allowed for equilibration alter each addition ol 
alkali curves were plotted ol pH versus ml ol alkali added For a particular ligand the following 
titration curves were plotted, according to the method of calculation employed (Irving and 
Rossoi ii'"" or S( iiwARZENBAc It and Ar kprsiann"'') 

living (a) Berehloiic acid (b) perchloric acid -r ligand (c) perchloric acid - ligand metal, 
equal concentrations ol ligand and metal 

Schwarzenbach (a) ligand (b) ligand metal ten limes escess of metal (c) ligand metal, 
equal concentration ol metal 

CALCULATIONS AND RLSULTS 

It should be noted that all the values icportcd here are stoicheiometnc concentra- 
tion constants, valid only for the conditions of solvent and ionic background under 
which they were obtained 

Constants for C-Me-tDTA, HPDTA and EDDADP 

Hie acid dissociation constants, and chelate stability constants with the alkaline 
earth metals, ol C-Mc-hDTA, HPDTA and EDDADP were calculated by the method 
of Irving and Rossoi ri A special feature of this method is that the formation 

curve of a system ot meial-ligand complexes can be calculated directly from pH meter 
readings during a titiation, without knowledge of the hydrogen ton concentration or 

J Bjirrum, (i ScilWARzrNfiArn and I G Sulpn Stahiiily Constant!, Pan 1 Onranic 
I lyaints Chem Soc , Londsin ( 1956) 

H M Ikvinci and H S Rossuni, / C/um Soc 2904 (1954) 

G Sc'HWARZE-NBAf It and H Acki rmann, //W i C/ir/n -tOrt 31, 1029 (i948) 

H Irving and H S Rossorri, / C /tern Si>c 3397 (1953) 



1228 


J H Crimps, A J Huoc.ard and S P WfLFORi) 


activity This method of calculdtion makes no allowance for the formation of proton- 
ated and/or binucicar complexes, but ScHWXRZtNnAt h and Acki rmann^''*' have 
shown that for EDTA an analogous compound — the protonated complex is an 
unstable intermediate never present to more than a few per cent, and that the bi- 
nuclear complex is not formed under normal conditions Also the presence of these 
additional complexes leads to unusual formation function curves which were not 
obtained for the above compounds The results are given in Table 1, together with 
other authors’ data relevant to the discussion 


T Mil F I 


C ompniiiul 


Avid dissovialion 
conslinls 



t liclate stability vonstanls 



pA, 

pA, 

pAT 

pA'i 

log 

log Ala 

log As, 

leg Alia 

(1) C-Mc-I DPA 

2 60 

3 03 

6 20 

10 84 

10 29 

11 47 

9 61 

8 48 

(2) HPDTA 

-2 

3 36 

6 8S 

9 70 

5 3 

6 52 

5 10 

4 65 

(3) EDDADP 

2 29 

2 91 

6 82 

10 60 

9 41 

10 74 

8 68 

6 86 

(4) t DTA 

24 

2 86 

6 22 

10 25 

— 

10 59 

8 80 

— 

(5) C-Mc-F-DIA”" 




- 

8 8 

10 4 

107 

8 1 

(6) HPDTA“‘' 

- 

— 

— 

- 

5 3 

60 

5 1 

47 

(7) TMDIA"" 

20 

2 67 

791 

1027 

6 02 

7 12 

5 18 

4 24 


(1), (2), (3), (4) — present authors 30’, in 0 1 M KCI 
(5), (6J — icf 14, no experimental details given 

(7) — ret If, tnmcthyleiiediamine-NNN'N'-lclra-acciic acid, 20 , in 0 1 M KCI 


Constants for TTHA, CTHA and n-PDTA 

The appropriate constants for TTHA, CTHA and o-PDTA were calculated by an 
extension of the method of Schwarzenbac h and Ackermann*^'', the previous 
method*^® was not used (except for o-PDTA -v i ) because examination of the 
titration curves suggested that protonated metal chelates are stable species and this 
was confirmed by its application to TTHA, which resulted m abnormal formation 
function curves The method used involved the conversion of pH meter readings into 
hydrogen ion concentrations This problem has been considered by Bates^’’’’ and 
Feldman Bates, in discussing the interpretation of pH values as measured on the 
NBS scale, considers that a measured pH may be expected to approach an experi- 
mental — log /„^ mii+ provided that the test solution has an ionic strength within the 
same range as that of the standard buffer solution, namely between 0 01 and 0 I 
Under these conditions [H+] can be calculated with an error of not greater than iO 01 

G ScHWARZENBACH and H Ackfrmann, Help Chim Acta, 30, 1798 (1947) 

R L The sequestration of metals, C\:\a\) 5 Chapman and Hall, London (1959) 

US' R G Batfx, Electrometric pH determination. Chap 4 Wiley, New York (1954) 

<■»'! Feldman, zlmj/yl Chem 28,1859 (1956) 
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pH units, provided that /,,+ is calculated using the same expression as was used for the 
assignment of the pH values of the standard buffer solutions This expression is, 


- •ogy. 


I Ba^ v'/r 


( 1 ) 


a,, A and B being assigned the values as used by the NBS As the errors introduced by 
this arc less than the experimental error, calibration against a hydrogen electrode was 
considered unnecessary 

Thus, from Equation (1) the following relationship was used to obtain hydrogen 
ion conccntiations 


logjo [H*] pH reading - Oil (2) 

Equation (2) is calculated for an ionic strength of 0 1 Although the ionic strength 
varied slightly according to the concentrations of ligand and metal present, the effect 
of this can readily be shown to be negligible using Equation (1) 

Dealing first with CTHA and TTHA, the acid dissociation constants of these com- 
pounds were calculated essentially by the method of Schwar/enbac h et a! except 
that an algebraic method of solution was used instead of a graphical one (acid dissocia- 
tion constants arc defined as follows for an acid H„L, A', - [H] [H„_,L]/[H„_niL] 
and pA”, - ^logm K,) The value of the ioni 7 ation constant for water, Kw‘^ (i e Cn^ 
C.iif ), used in these calculations was 2 35 ,, 10 this value being obtained from 
published data 

Examination of the potentiomctric titration curxes for these compounds, alone 
and in the presence of metal ions, indicates that chelation commences when the species 
H 3 L'*" is present Thus, in titrations containing excess metal ion, the possible chelate 
species arc MH^L-', MHL®~, MlT" and M>L^ their respective stability constants 
being 


^Mll/, 


K 


VIE 


[MH,L] 

[M]fH,L] 

[ML] 

[M][L] 


(3) 

(5) 


[MHLj 
[M][iTl] 
_ [ M,l] 
fM][ML] 


(4) 

( 6 ) 


The relative importance of these species can only be assessed from their respective 
stability constants, deductions from the shapes of the titration curves being misleading 
Using the approach of ScuwARZiNBAtii and At kerman,'^^’ the titration curves 
when excess metal ion is present (Fig 1 TTHA, Fig 2 CTHA) may be defined in 
terms of the first three acid dissociation constants A'j, A_> and A'j, and thiec new com- 
posite “acid” dissociation constants 


tHK[H,L] I [MH,L]) 

(7) 

[H.L] 

fH]([HL] 1 [MHL]) 

(IH.L] , [MH.L]) 

(8) 

[H]([E] [ML] 1 [M.L]) 

([HL]t [MHL]) 

(9) 


" ' G Sc HWAR/rNBACii, A Willi anti R O Bach /fc/r C him icta 30. llOt (1947) 

''"’ft S Harnfo and B B Owin rhe ph]\iccil ilwnmliv of ihtiroliiu \ '//none Chap 15 Rcin- 
hold. New York (1958) 
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The constants K^, and K^' are obtained by the usual algebraic process, by treat- 
ing the excess metal curve as a simple dissociation curve Using an essentially similar 
algebraic treatment to that of the above authors, the following equations may be 
obtained 


and 


. L 

K^Mt Mt 

+ Mt ,,) 1 

Kr^Mt ' Mt 

1 

A4A5 Mt Mt 


( 10 ) 

(lla) 

(llb) 




Kml 


AV(1 T Mt A„|„) 

KMt 


A,' AV i 

A'j Aj A^ Mt Mt 


1 

M/ 


(12i) 

(12b) 


[N B Mt concentration of metal ion, which is effectively constant as it is present in 
large excess ] 

Thus, values for and Ami,,, can be calculated and further, if it is assumed 

that the concentration of the biiuiclear complex is negligible, a \alue for A'm, can be 
obtained 

In the titrations of equimolar mixtures of ligand and metal ion (Fig .3 TTHA, 
Fig 4 CTHA) the presence of binuclear complexes may be disregarded Since \alues 
for Ajiiqc and A\,,ii, are known, data from these titrations may be used to calculate 
values for Ami, which arc not dependent on the assumption made above The method 
of calculation used was the same as that outlined by St n\\ \rzenbm h and Acrerman, 
except in the cases of calcium and magnesium with TTHA In these cases the titration 
curves have large inflexions at a = 5*, indicating that the further release of a proton 
m the region n = 5 to tr — 6 may be treated as a simple acid dissociation 1 e 

^Mlll 

MHL -^ML i H 


The constant A^u,, found by the standard method, is related to Ami b\ 

I H i 


(13) 


Substitution of the true value for A'mi, mto (12a) or (12b) allows the calculation of 
A'mj, The lesults for TTHA and CTHA arc given in Table 2 

The acid dissociation constants and chelate stability constants of o-PDTA were 
obtained by two independent methods Si nwARZFNBxt n's"' method of 

* a no of moles of alkali added per mole of ligand 
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Fig 3 — Titration ot ITHA— niutal 

Titration of TTHA in the absence and in the presence ot equimolar alkaline earth ions 



Fig 4 — Titration of CTFI A - metal 

Titration of Cl FIA in the absence and in the presence of equimolar calcium and 

strontium ions 
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calculation was applied to the titration curves in Figs 5 and 6 (excess and equimolar 
metal respectively), and Irving’s*^® method was applied to the titration curves m 
Fig 7 

Dealing first with SchwarzenrachV”-'^* method, the calculation of acid dissoci- 
ation constants, using an algebraic method of solution, was subject in this particular 
case to some inaccuracy due to arithmetical difTiculties Values of pA^’s so obtained 
arc therefore given to 0 1 log unit only Since chelation begins before the species FfoL 


TABLt 2 


Metal 


Acid dissociation constants 


Chelate stability constants 



pK, 


pKi 


pK^ 

p/r, log 

log /Cmhi 

log Ay, 

log Km 







TTHA 




H 

2 46 

2 52 

4 00 

5 98 

9 35 

to 33 




Mg 






1 9 

7 3y 

8 47 

5 94 

Ca 






24 

8 07 

10 06 

4 10 

Sr 






1 6 

6 71 

9 26 

3 44 

Ba 






1 7 

5 55 

8 22 

3 41 


CTHA 


pA'i : pKi 1 pK, 

H 66 63 8 5 106 

Ca 29475536 

Sr 2 3 1 5 4 5 2 1 


a-PDTA 


Calculated after Schwak/inbach”' ‘ 


H 29 37 48 67 


Mg 

26 

* 

7 1 

— 

Ca 

* 

* 


— 

Sr 

1 3 

30 

62 

-- 

Ba 

1 6 

2 3 

48 

- 


Calculated after Irvin(. and Rossoin'’" 


H 2 94 3 83 5 01 6 82 ^ — 

Mg 

Ca 

Sr 

Ba 


7 3 

8 1 
6 4 
48 


* These constants could not be calculated 


IS present, the method used for the calculation of chelate stability constants from the 
excess metal curves was modified to include four “composite” dissociation constants, 
defined analogously to those shown previously The flatness of the metal curves 
introduces considerable arithmetical uncertainties into the calculations, and, in some 
cases, values of individual “composite” constants and products thereof were either 
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doubtful or unobtainable Consistent results were obtained for /Cvn, except in the 
case ol calcium where values varied widely 'With strontium and barium, where 
protonated chelate constants were obtained, it was possible to calculate from 
the equimolar metal curves and comparison of the results obtained with those from 
the excess metal curves indicates the absence of binuclear chelates The results are 
shown 111 Table 2 



FKi 5 -1 iiralion of o-PDTA -metal 

Titration ol o-PDTA in the absence and in the presence of ten times excess of alkaline 

earth ions 



Flo 6 — Titration of o-PDTA — metal 

Titration of o-PDTA in the absence and in the presence of equimolar alkaline earth ions 
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The results obtained using Irving and Rossotti’s”" method arc given m Table 
2 The formation curves for the metal-ligand complexes are of normal shape but the 
results are given to 0 I log unit only because protonated metal chelates can be shown 
to be stable intermediates from the data given in Table 2 



Fig 7 Titration of o-PDl A -metal 

Till anon ol a-PDTA, in perchloric acid solulion (1 10 ’M) in the absence and in the 

presence of ccjiiiinolar alkaline eanh ions 


For o-PDTA results obtained by the two methods agree well except in the case of 
calcium, considering tlie dilliculties encountered in calculating the liguies in Table 2 
and the fact that Jrvinci and Rossotii's nielhod does not take protonated metal 
chelates into account 

DISCUSSION 

Foi the purpose of comparison, the values of the acid dissociation constants for 
FDTA, and its chelate stability constants with calcium and witli sironiium. vsere 
measmed under the same experimental conditions The xalucs obtained are shown in 
Table I 

Although there is some disagi cement about the form of polyaminopolycarboxylic 
acids in solutioif*'® it has been assumed tliioughout that all the compounds 
studied exist initially in solution as completely betaine foims as pi exposed by St hw xr- 
-fiNiixt H and Ackfrmann 

D Chapman, / Clicm Six 1766 (1955) 

M J L Tilloison and L A K SrAViirv / Clu-iii Six 1617(1958) 

Gi) D (y Olson and D W MarciERUm, / iinci C lifix Six 82,5602(1960) 
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Considering first the results for C-Mc-EDTA (I) 

CH .COOH 

HOOCCH, 

1 

NCHCH.N 
H H 

OOCCH , CH, CH,COO- (N B betaine form) 

it can be seen that A\ and k\, the acid dissociation constants for the two carboxyl 
protons, are somewhat lower than for EDTA Evidently the inductive effect of the 
methyl group weakens the election-withdi.iwing capacity of the positively charged 
nitrogen atoms, a similar decrease in acid dissociation constants was observed by 
StHWAR/rNBAt II and At M rmann'"^-* foi J 2 cyclohexanediammc tetraacetic acid 
(CDTA)— namely, pA\ ^24 and pA 2 — 3 5, both higher than their values for EDTA 
(pA'j - 1 99, pAj 2 67) CDTA may be regarded as EDTA with two C-substituent 
alkyl groups joined in a iing There is very little difference between the values of A'j 
for C-Mc-FDTA and for EDTA, but in the ion where only one positively charged 
nitrogen is left (i e HE-* in betaine form), the substituent alkyl group has a consider- 
able effect on the case of removal of the last proton The marked increase in basicity 
shown in this value for A^, is reflected in an increase in chelating strength compared 
with EDTA Smitii“^' has reported values of the chelation constants for C-Me-EDTA, 
but no acid dissociation constants or experimental details were given (See Table 1) 
These figures do not agree with those published here and the latter have been con- 
firmed by Irving '-*> 

Comparison of the results for EDDADP with values for EDTA shows that both 
As and are smaller for the former Similar increases in nitrogen basicity were 
reported by Irving et at when two compounds —cthylcnediamine diacetic acid (11) 
and cthylcnediamine di-(2-propionic acid) ( 111 )— were compared 

H H 

OOCCH„HNCH ,CH,NH CH^ COO- II pK, = 6 42 

pK. = 9 46 

H H 

-OOC CH HN CHjCH,NH CH COO' III pK, = 6 69 

I ' [ pK, = 9 58 

CH, CH, 

The increase in nitrogen basicity results in an increase in the stability constant for the 
calcium chelate of EDDADP compared with EDTA, but not for the strontium chelate 
— this may be indicative of steric hindrance occurring with the larger metal ion 
Some data on the chelating properties of HPDTA have already been reported in 
the literature*^'*’ — as with C-Me-EDTA only chelate stability constants are given 
The literature results, together with Schwarzenbach and AckermannV'h results for 
trimethylenediamine-NNN'N'-tetra-acetic acid (TMDTA), are given in Table I 
With the exception of the stability constant for calcium, our results agree well with 
those quoted by Smith Comparing the results for the acid dissociation constants foi 

G ScHWAR7FNBArH AND H Ackermann, Ne/v Chim Acta, 32, 1682 (1949) 

H Irving Private communicduon (1961) 

H Irving, R Shelton and R Evans, CAew Soc 3540 (1958) 
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HPDTA and TMDTA, it can be seen that the introduction of a centrally attached 
hydroxyl group leads to reduced basicity of the nitrogen atoms The two parent 
amines, 1 3 diaminopropane and 1 3 diammopropane-2-ol, show a similar effect 
It IS somewhat surprising that in HPDTA the effect is greater for A", than for 
HPDTA IS a weaker chelating agent than TMDTA, but the results are not strictly 
comparable, as values obtained apply to different temperatures, and our method of 
calculation takes no account of intermediate protonated metal chelates (Schwar- 
ztNiiACH and Acklrmann”’’ have shown that, for tetra-acetic acids based on di- 
amines with two carbon atoms in the main chain, this assumption is justifiable, but that 
when three carbon atoms interpose between the nitrogen atoms some protonated 
chelates are present ) 

The greatly increased acidity of the nitrogen centres of o-PDTA compared with 
EDTA IS expected from the presence of an aromatic ring It may be shown empirically 
by plotting the logarithms of the chelate stability constants for a particular metal 
against the combined proton affinities of the nitrogen centres (pA', pA,) for several 
1 ,2-diamine tctra-acctic acids, that n-PDTA has exceptional chelating ability in relation 
to its basicity (see Fig 8) This effect must be associated with the presence of a 
benzene ring, but the explanation is not clear 



hit. 8 — Plot ot log \s i[>K, /'A,) lor a luimbci of eoinpouiufs 

I C-Me-hDTA, II 2,3-diaminobiitaiie-NNN N -lclraai.i.tiL acal III 1 DPADP IV 1 2- 
cyclobutancdiaminc-NNN N -iclraacclio atiil , V lians-1 2-tvi.loptntaiicdianiine-NN N 
N'-lctraa(.etn. acid , Vic cis-l,2-vvslolic\anediaiunK-NNN N -totraai.enc acid Vlt 
trans-l ,2-cycIohexancdiamine-NNN N'-tc(iaacciic acid \ 11 a-PlIl A 

(II) A J HuckiAro and S P Wiiford L'npublidicd woik (IV)and(V)\ C'l Vamilin- 
Skli.y Gen Chem (USSR) 28, 1026 (1 9S8) (VIc) H Kroli ind M ('.ordon, Abstr 
Amer Chem Soc Afer/iny, New Yoik (September l%0) (\li)X Ci ) Asm nsrii and 
M N Shchukina, y G<;i Chem (USSR) 28, 230(1 >158) 
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The values of the acid dissociation constants for CTHA arc as expected for ahexa- 
acetic acid based on a tiiaminc — le three stiongly acidic protons and three betaine 
piotons The considerable stability of the chelate M^L, compared with the stability 
of the chelate ML (i e for CTHA, log - log - I 9 whereas for TTHA, 
log A, log A’, ,1 6 0), and the relatively low value of the chelate stability 

constants for the chelate ML, suggest that the three iminodiacetic acid groupings are 
not all opeiative in forming the latter This implies that the CTHA molecule exists in 
solution as the tricqualoi lal form, the energy released when a chelate is formed being 
insufficient to cause a change to llie tiiavial form which might be expected to give a 
a moie stable chelate (since CTHA exists in solution in a tii-betainc form, a consider- 
able energy difTcience between the tri-axial and tn-equatonal forms will exist owing to 
the mutual repulsion of the positively charged nitrogen centres) 

The acid dissociation constants for TTHA agree reasonably well with those ob- 
tained by Frosi,'-’’’ allowing foi the difference in temperature Examination of the 
titration curves foi TTHA with equimolar metal piesent (Fig 3) indicates that the 
magnesium curve intersects both the strontium and the baiium cuives These inter- 
sections are due to the gicater acidities (as shown by A'^'m ) of the protonated stron- 
tium and barium chel.ites compared to the corresponding magnesium chelate It can 
be shown, using Ecpiation (13) that, depending on the relative magnitudes of Avfni, 
and A'mhi,, this may lead to a leversal of affinity ordeis Thus with the magnesium 
and strontium chelates it is found that As,]^ - although A'^j,,,,^ ^siuc- but 
no such icversal oceui s foi magnesium and barium It is evident that some effect must 
operate on the release of the hist pioton which is relatively less favourable for the 
ntagnesium chelate than for the chelates of strontium and of barium — possibly a 
steiic effect connected with the small size of the magnesium ion (radius 0 66 A), as 
compared to the strontium ion (radius 1 18 A) and the barium ion (radius 1 34 A), 
and the ensuing mutual repulsion of donor groups Durham and Ryskii wrh'-*’' 
found analogous results with diethylenetriamine-pcnta-acciic acid (DTPA) A similar 
effect is found for the calcium curve, which intersects both the strontium and the 
barium curves, but as m the magnesium/barium case this does not lead to any 
reversal of affinity orders 

fn conclusion it may be said that the results of this study agree well with the 
know'll chelate stability orders for the alkaline earth metals That is, for calcium, 
strontium and barium the order is invariably but as has been 

noted previously, the position of magnesium is not hxed 

AcLnowlec (<; einent’i -Wc thank Dr P J A Smith, Mlssrs D C Maxwell and J R Morris and 
Mrs F Bryan for assistance with the expenmentaf work, the analytical section tor analyses, 
and Mr K T B Scott and Prot H Irving for helpful discussions We also thank Dr J K Aikin 
and the Geigy Company Ltd for gifts of chelating agents 

A E Frost, Nature, Lonif 178,322 (1956) 

E J Durham and D P Ryskiewich, / Amer Cheni Soc 80,4812 (1958) 
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THE COMPLEX FORMED BETWEEN THE 
5-TRlFLUOROMETHYL-TETRAZOLYL ION 
AND SOME TRANSITION METAL IONS* 


H B JoNASSiN,tJ O TiRRY,JandA D Harris! 

Rithardson Chcmi^lry Laboratory, 1 ulanc University. New Orleans, I oiiisiana 

{Rcccii'cJ H Maich 1963, m reused form 19 4pnl 1963) 

Abstract -Ihe S-ii ifliioroniethylletra/oly I anion has been shown to be a weakly eo-ordinating ligand 
111 aqueous solutions The cations used in this investigation were [C o(ILO), ]- , fNitHjOls]- and 
[Cu(HjO),]- The anion is unable to displace any water molecules Lorn the first coordination sphere 
of the [Co(U,0)„]-’ ^ ion 3 wo water molecules can be displaced fioni the hydrated Ni(ll) ion and a 
weakly bonded [NifHjO),] eomples is fe>rnicd The (Cu(H,0),p^ ion forms a rather 

stable monohydrated eompics containing two C .N,F, ions The sto'ehcioinctry of the reaction w'as 
studied by both spcetropholonictric means and eontinuous variations studies Magnetic susceptibility 
and tnfraied data seem to conhim these conclusions 


Sodium S-tnfluoronicthyltctra/ole."’ a partially aromatic compound, is of interest 
as a coordinating ligand since its electronic structure, neglecting the lone pair of 
electrons on each nitiogcn atom, is very similar to the cyclopcntadienyl anion 

FinnKjAN and coworkers*-' have studied the formation of 5-substituted tetra- 
zoles and found that electronegative gioups on tlie nitrile used as starting materials 
facilitate the production of a tetra/ole iing by stabilizing the negatively charged 
intermediate The negative charge can be delocalized into the ring by the strongly 
electron withdrawing nature of the — CF, group in the following manner *" 
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F,C— C 


N- 


etc = 


\ 

N- 

e 
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Since delocalization of the negative charge into the ring gives the ring an aromatic 
sextet, utilization of the — CFj group as a substituent in the 5-position has increased 
the tetrazole ring’s coordinating ability Also since the trinuoiometh)ltetrazolyl 
anion has a Tr-cloud, the possibility exists that this rr-tloud will interact with metal 

* Presented at tlie Soulhwide Regional Meeting of the American Chemical SiKiety, New Orleans, 
la December 1961 

t Tiilane University, New Orleans, Louisiana 

t National Science Foundalion, Undergraduate Research Participant, Tulane University, 
Louisiana, 1959-61 

"’W p Norris, y Oig Cliem 27, 3248 (1962) 

W G Linnfgan, R A HiNRYandR Lorouisr, 7 4iiiei Clieni S(>( 80, 3908 (l9S}j) 
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ions to produce either rr-complexes or normal addition complexes This paper 
reports on the reactions of this anion with Cu(ll), Co(Il), and Ni(ll) ions 

LXPERIMENTAL 

The themieals used in this investigation were reagent grade The sample of sodium 5-trifluoro- 
methytteirazolc was picpared by Norris,"’ whose generosity in supplying this eompound is gratefully 
acknowledged 

/tnah'lical Dicthods 

The pel cent copper was dctci mined by clcclrodeposition however cobalt was determined by 
direct titration using EDTA and pyiogallol led Nickel was determined gravimetiically using di- 
methylglyoxime as the precipitant Samples foi analysis were decomposed by treatment withamixture 
of nitric and perchloric acids 

Dctcrniinalions of C, H, and N were performed by A Birnhardt * 

Pi cf>ai atwn of comple\i‘s 

( oppcr(U) complex Cu(C\Njl ,). lEO To 100 ml of an aqueous solution of X 55 g of 
CUCI 22 II.O weic added Hg of NaCjN,!-, Alter standing for 1 hr a blue fibrclike precipitate 
resulted I his solid, when dried over CaCI., contained about lour waters of hydration Drying the 
blue pi ccipit itc to constant weight in vacuo over P.O, yielded the blue monohydrate Gas chromato- 
giaphic analysis showed that dui ing the diying process only water was lost (found C,132, N,31 5, 
Cu, 17 5 Calc for CufCjNjf d, HjO C, 13 5, N, 31 6, Cu, 17 X",,) 

Cohaliill) complex C o(C 2 N 4 f hlljO live grammes of NaCjNif, were added to 50 ml ot 
an aqueous solution of 4 5 g of C o< N (),).> 6 H_>0 Almost immediately a yellow amorphous pic- 
cipitatc formed On drying lu vacuo over P^O,, the complex lost water and changed from yellow to 
a led brown, however no constant weight value could be obtained This red brown form turned 
yellow on exposure to moisture (found C, 1 1 1 . N, 25 7, Co, 137 Calc lor Co(C 2 N 4 f j)j 61 hO 
red brown, C , 10 9, N, 25 4, C o, 13 4"o) 

Nukel(tl) complex Ni(C.Nif,)i 41 fO To 100 ml ot an aqueous scvlulioii containing 11 4 g of 
NifCIOilj 611.0 were added 5 0 g o( NaC 2 N 4 l , After standing tor several days a pink amorphous 
precipitate formed The yield ot complex was increased by salting out the precipitate using NaNOi 
After drying m vacuo over PjO,, this pmk precipitate became violet m colour (found t, 12 0, 
N,270, Ni,147 Calc for Ni(C.N,fih4M,0 C, (I 9, N, 27 6, Ni, 14 5%) 

Prcpaialioui in iianaiiucoin media Lthanolic solutions of both CufCjlIjOj)^ ll^O and 
Cutf IHiO were icactcd with solutions ot NaC.Nifj A blue green material resulted with the 
CufCiHjOjE and a pale green precipitate with the C uC f The addition of water yielded a blue 
piecipilate, however no constant analyses coulii be obtained for these complexes The precipitate 
obtained was not the librclikc loim obtained liom water solution Attempts with the Nj(I 1) and Co(II) 
ions gave similar results 

Specli ophoromeli ic slucliex of the cninpic xex 

Aciucous soliilions (a) Coppcr(ll) To 0 05r solutions of CuClz and Cu(NO,)j were added a 
0 05F solution ol sodium 5-tnnuoroinethylletra/olc in a ratio of 11,12 and I 3, and their visible 
spectra studied with the Beckman DB Spectrophotometer The spectra indicated a shilt in the 
maxima from 725 in/i to 712 myt for the ratio of 1 2 No further change occurred at the 1 3 ratio 
An isobestic point was observed at 395 m// 

(b) Cobalt (II) Solutions of CoCIa and sv'dium 5-lrifluoromelhyltctra?olc of 0 IF concentration 
were reacted in the same manner A yeJkvw precipitate occuircd and no information could be obtained 
from the spectra In dilute solutions of 0 02F or less concentration, no shifts in spectra could hv 
observed 

(c) Nickel(ll) Solutions 0 1 f in NifCIOjlj and NaC^NjEa were reacted in the same mannci 
A colour change from green to violet was observed A spectrum for the visible region showed ihiw 

* Microanalytischcs Laboratorium im Max Planck Institute fur Kohlenforschung, Mulheim 
Germany 



S-Trifluoromethyltetrazolyl ion and some transition metal ions 


1241 


isobestic points at 600 m^it, 475 m/a and 375 m// As complexing occurred, two maxima appeared at 
525 m/i, and 330 nyi 

Alcoholic solutions (a) Copper(ll) Chloride Solutions 0 05F in both CuClj and NaC^NiF, were 
reacted in the same manner A colour change from olive green to emerald green for the ratio of 
1 1 to blue for the ratio of 1 2 and 1 3 was observed No further change was found as the ratio 
decreased An isobestic point at 620 m/< was also detected 

(b) Cobalt(Il) nitrate A solution of 0 1 F in CotNO^i was reacted in the same manner A colour 
change was observed from red in the unreacted solution to orange yellow at the ratios of 1 2 and 1 3 
The solution showed a shift m the maxima from 515 m// to 482 m// at the ratio of 1 2 No further 
shift was detected as the ratio decreased An isobestic point was observed at 328 in/i 

(c) Nickcl(ll) perchlorate Solutions 0 IF in both reactants were studied in the same manner 
A colour change from green to violet was observed A maxima at 570 m/r appeared as complexmg 
occurred A shift in the maxima from 395 m// for unreacted nickel perchlorate to 360 in/i for the 
ratio of 1 2 was observed An isobestic point was detected at 475 m// 

C ontmiious rarialioii anti mole i alio stujy The Continuous Variation and Mole Ratio method was 
applied to a study of the complexes of the copper(ll), nicktl(ll), and cobalt(ll) ion with the triflui'ro- 
methyltetrazolc ion Solutions 0 IF were used at the various wavelengths for the Ni(II) complex 
Since a solution 0 1 F m Cot II) and in trifluoromcthyltctrazole anion gave a precipitate these solutions 
were diluted to 0 02F For the study of the copper complexes 0 051- solutions were used 

Infra-red study The tnfra-red spectra of NaCiNiF-, and the Cu(l 1), Ni(ll), and Co( II) complexes 
of triHuoromethyltetrazole were obtained using the KBr disc method with a Beckman 1R5 infra-red 
spectrophotometer 1 he results are given in Table I 

Magnetic slisceplihility tneusuicmenls 

The magnetic susceptibility measuicments were obtained by standard Gouy procedure using a 
semi-micro analytical balance and a permanent magnet having a field strength of 4,500 G 

RESULTS AND DISCUSSIONS 

Spec tral studies 

The ttileracttoa of the three transition metal tons with the tetrazolc anton was 
studied in aqueous and in some cases alcoholic solutions by the Continuous Variation 
and Mole Ratio methods Visible absorption spectra indicated complex formation 
m both media The studies for both the Cu(II) ion and Ni(Il) ion indicate that a 
I 2 complex forms under these conditions 

The Cu(ll) ton was studied at A 670 m/t and a graph of these data is shown 
in Fig 1 For the Ni(Il) ion a A 330 m/< was used and these data are shown in Fig 2 

Since solutions 0 IF in both Co(NO ,)2 and the tetrazolc anion are sufficiently 
concentrated to cause precipitation, solutions diluted to 0 02F were used However, 
in dilute aqueous solutions no interaction could be observed between the tetrazolc and 
the Co(ll) ion When repeated in alcoholic solution a maximum was observed at 
450 m^i in 0 IF solution at a ratio of 1 2 Similar results were obtained by the Mole 
Ratio method 

Infra-red spectra {Table 1) 

A broad band was observed in the 1640 1625 cm ‘ region which seems to be 
the shifted watep deformation ficquency Since it was shifted to a higher frequency 
in the copper(ll) complex it appears that the tctrazoles 7r-cloud interferes with the 
Ill-plane deformation most in the Cu(ll) complex, possibly due to hydrogen bond 
formation This band practically disappears m the nearly anhydrous conaplex 
formed from ethanolic solution 

G C PiMENTtL and A L MrCiruLAN, The Hydropen Bond, p 118 Freeman, San Francisco 

(I960) 
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In N/(n) and C<)(II) complexes, H,0 seems to be bonded to the metal ion since 
only a veiy slight shift of the band in this region is observed 

The 1505 1500 cm ' band is the C- -CF, stretching frequency whereas that at 
754 747 cm ' seems to be the CFj deformation frequency 



Fi(. 1 —Continuous variation study 
Cu(NO,)jivilh NaC,Ndi0 05 I m H,() 


H 



•’*' U) rilj Ijf) 

Cu, % 

Ti(, 2 — Continuous variation study 
NKClO,), with NaC.NifiO 1 f in H,0 


TaBLI 1 -InIUA-RII) ABSORt'IION (IN Clll ') Ot THL I RltLLlOKOMt THYl Tl I RA/OLl 
ION AND IHl Cu(ll), Nl(ll), AND Co( 1 1 ) TOMFI tXrS 


NaC.N.Fj 

Cu«..N,F,). lEO 

NdC.N^F,), 4H,0 

Co(C\N.F0/ 1 

1640(0 

1625 (///) 

1635 (0 

1635 (m) 

1500(0 

1500 (0 

1 505 (0 

1 505 (///) 

1415 (If) 

1410(0 

1410(m) 




1381 (0 

1385(0 

1232(h) 

1265 (if) 

1260 (//I) 

1250 (If) 


1210(6/-) 

1215 (i/i) 

1205 (if) 

1 1 87 (hi ) 

1 178 (6/) 

1178 (6/) 

1180(6/-) 

1167(6/) 


1155 (6/-) 

1 156(i6) 

1116(60 


II20(h’) 




1090 (if) 


1072 (rif) 

1075 (s) 

1072 (i6) 

1069 (m ) 

1038(s) 

1034(0 

1040 (h) 

1039 (///) 




835(k) 

112 (w) 

776 (/«) 

776 (h) 

774(11) 

lAl (///) 

754(1) 

754 (v) 

754 (///) 


(i) strong, (w) medium, (if) weak absorption , (/>r) broad, (s/i) shoulder 

L J BtLLAMY, The Infra-red Spectra of Complex Molecules (2nd Ed ) p 332. Methuen, London 
(1958) 
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The band from 1260- 1 1 36 cm ^ can be assigned to the C — F stretching frequency 
The assignment of individual frequencies becomes difficult because of the intense 
nature of the fluoro-carbon bond The 1410 1385 cm ' band appears to be the N=^N 
bond 

The bands from I04T-1033 cm * and 1075-1069 cm ^ arc the skeletal region of the 
tetrazole A shift to lower frequency is observed in the 1033 -41 cm * region for 
the Co(ll) and the Ni(ll) complex while in the Cu(ll) complex a shift to higher 
frequency is found This shift, although small, again seems to indicate some inter- 
action between Cu(Il) ion and the tetrazole ring’s rr-cloud 

Magnetic susceptibility studies {Table 2) 

The magnetic data seem to confirm the infra-red assignments In the Co(ll) 
complex the hydrated metal ton shows the expected moment for d^sp'^ co-ordination 
Little effect on the moment of this hydrated ion would be expected from a non- 
coordinating tetrazolyl ion However, in the Ni(ll) ion the tetrazolyl ion seems to 
participate in bonding to give sphi- hybridization The slight changes m tetrazole 
infra-red frequencies scent to substantiate this 

TaULE 2 MaCiNETIC mi-asurlmints 
// elT 2 839c/(yw,,„r7' ) 


Compound 

X»i< 

. urr 

7 (K) 

//elTlobs) 

Co(CiNiF,), 6H,0 

to 894 

to ' 

300 

5 1 

Ni(C,N,F,),4H,0 

3 550 

to “ 

298 

2 8 

CufC.NjF,), H,0 

I 653 

10-« 

298 

2 0 


The moment of the Cu(ll) complex indicates strong interaction The magnetic 
moment was found to be highci than that expected for dsp- or t/lsp’ bonding indicating 
possibly a change toward tetrahedral configuration with the t' o tetrazolyl ions 
occupying the four co-ordmating positions in the complex 

General obsenations 

This work indicates that this tetrazolyl ion can paiticipate m coordination with 
some transition metal ions "«) 

The Cu(ll) complex precipitates from aqueous solution as long needles indicating 
possible polymerization as previously observed by BRi’HXKru for other tetrazole 
complexes 

1 he solubility of the complexes seems to be higher in organic solxcnts than most 
tetrazole complexes previously repoitcd 

Further work with teti azoles is under way 

4 ( A /itnt 1 —We thank Di 1£ Hol'Ori \u\ for the magnetic susecplihilitv nicasuremenls. 
Dr W P Norris, Cheniislry Diiisii'n US Naval Ordnance Test Slaiion China lake, and 
Dr r Fanning for hclptii) discussions Partial financial support by ihe Ofhee of Naval Research is 
gratefully acknowledged 
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‘ ‘ P W SiLwooD, Maynelo Clieiiii\liv p 225 Intcrscience, New York (1956) 

P W SiLwooo, Magneto Chcniislii. p 225 Interscience New Yo'k{1956) 

P Magneto Cheim\tiv,p 23S Inlerscienec, New York ( 19561 
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A KINETIC STUDY OF THE ISOTOPIC EXCHANGE 
OF INDIUM BETWEEN THE INDIUM ION AND 
ITS ETHYLENEDIAM1NE-N,N,N',N'-TETRA- 
ACETATE IN WATER 

K Saito and M Tsuc himoto 

Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo, Japan 
(Received 2\ March 1963) 

Abstract— -Isotopic exchange of indium between the indium ion and its EDTA complex is immeasur- 
ably slow in neutral solution and very fast in strongly acid and basic solutions The rate is measurable 
111 the pH regions near 2 and 10, and the rate constant for exchange is independent of the concentration 
ut uncomplexed indium and proportional to that of the complex In basic media the rate constant 
IS proportional to [OH”]-* with an Arrhenius activation energy of 25 kcal mole ' At pH I to 2 the 
rate constant is proportional to [H*]’ with an activation energy of 18 kcal mole * The complex 
appears to be more inert than the corresponding gallium complex 

Our kinetic study of isotopic exchange involving co-ordination compounds with 
the c/'" electronic structure has been extended to indium, using as tracer We 

have found the exchange of indium between the indium ion and its ethylenediamine- 
N,N.N',N'-tetra-acetate (henceforth written as EDTA with the formula given by H 4 Y) 
to be very slow in neutral and weakly acid solutions, but very fast in basic and strongly 
acid solutions The exchange latc is measurable at pH values near 10 and 1 5, and 
may be expressed by McKay's formula 

2 303 ah log ( 1 — T) 

R ^ ; • 

a \ h t 

where t is the time in seconds, Fthc fiactionai exchange, and a and h represent the 
concentrations of uncomplexed indium (initially inactive) and the indium complex 
(active) respectively Tins paper deals with the kinetics m these regions and compares 
them with those for the cot responding gallium complex'" The kinetics differ 
appreciably m the acid and basic regions and aie discussed separately below. 

RESULTS AND DISCUSSION 

hotopu exihangc in weakly hasii solution The rate of exchange R is independent 
of the concentration of uncomplexed indium a, for different bulTers such as 
barbiturate, glycine and /i-oxy-bcnzoic acid (Table 1) On the other hand, it is pro- 
poitional to the conccntiation of the indium complex. and the rate constant k, 
expressed by Rjh. has the dimensions / ’ Fig 1 illustiates the relationship between 
k and the OH ion concentration m various bulfer solutions It will be seen 
that the exponent x in the equation k A' [OH ]■■ is highly dependent on the 
buffering agent, x is equal to two m barbituiatc and /i-oxybenzoate, and the 

K Saito and M Tsuciumoto, 7 Inorg NucI Cheni 23, 71 (1961) 
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TAIllt 1 KhLATIONSmi* BlTWlfN tXCHANGt RAIL AND lilt 

C ONCI NIRA7IONS OI UNC()MI*LE\LD INDIUM AND INDIUM EDTA 


( OMI'LLX IN WPAKIY BASIC SOIUFION 


a 

h 

Jio 

k 

(10 ‘ M) 

(10 ' M) 

(10 " mole 1' sec *) 

(10 ■'sec ‘) 

0 65 

1 20 

4 2 

3 5 

1 20 

1 20 

48 

40 

1 96 

1 20 

4 5 

3 8 

1 20 

0 72 

2 9 

4 0 

1 20 

1 92 

6 9 

3 6 

- 0 fOCKLNO,). 
pH, I09,S 

, 25 t , 0 060 M tartiatc and 0 0375 M bai bitiiiate. 

0 76 

1 IX 

7 6 

6 4 

1 06 

1 18 

7 9 

6 7 

1 36 

1 IX 

80 

6 8 

1 67 

1 IX 

7 9 

6 7 

1 21 

0 48 

2 9 

60 

1 21 

0 97 

66 

6 8 

1 21 

I 44 

10 1 

7 0 

I 21 

1 93 

13 3 

6 9 

0 32(KNOd, 

25 C, 0 060 

M tartrate and 0 050 M 



glytine, pH, 9 76 


/ 






/ 



Fu. 1 — Relationship between A and 
[H‘] in basic solutions buffered by 
various agents /( 0 32 (KNOi), 

25 C, (7, 1 20 10 " M, 6, 1 34 < 

10 ^ M , tartrate, 0 060 M , solid line 
m 0 0375M barbiturate (Of and in 
/7-oxybenzoatc 0 0125 M (•), broken 
line in 0 0625 M glycine, dotted line 
in 0 2 M NH, solution containing 
0 032 M NHjNOa, the pH being adj- 
usted with 2N HNO3 and KOH 
solution 


lU " 


10 ’ 


[oh 1(M) 



110 


r \u 111 Saio 



Tfitliol oqu^’ous nitric arid ronrcnt o*ion, M 


I I V.iiuilion Ilf p.ii lilioii tocdicicnl with niliii. .iciil ci'iiceiilKilioil loi tlic cx- 
tiriciuin of uKinuiin (VI) by xoliilions c>l DFliPA in kcioxcnc (lli^Lircs on curves ate 
DfllPA conccnliations, M) lJ()jNO,)_Sg/| 20 C 

It we assume that the milial detiease mi paititioii cocllkicnt shown in hig 1 is 
governed by an lon-exchange roaetion similai to that in the extiaetion of uranium (VI) 
fiom sulpluiiie acid solution by DFHPAd'*' vi/ 

UO," (a) , 2(HX),(o) U(),X,H,(o) i 2H (a), (I) 

where X represents the anion (CsH,-()),PO_, , while (a) and (o) aie indieative ol 
aqueous and organic phases respectively, then the billowing lelationship would be 
obtained 

log 4L.k - log K ^2 log (C. 4(’, )/C (2) 

where L i is the partition coefTieient, A the equilibrium constant, C’,, the total DEHPA 
coiicentiation C\ the organic phase uranium concentration and C,, the aqueous 
acidity However, when values of log r.f’ were plotted vs log (C^ -- 4C, ,)/<",, in 

* ^ C A Bi AKi Jr , C F Bals, Jr , 1C B Brown C' F OniMANandJ C Wiiiir, The Piocccdini^^ 
of the Second International Confei cnce on the Peaceful Uses of Atomic Lnetgv, Gencia, 1958 Vol 
28, p 289 United Nations (1 958) 
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k' values are almost identical In glycine solution x: equals unity and the exchange 
rate is measurable at a much lower pH Table 2 shows the influence of the concentra- 
tion of the buffering agents together with that of ionic strength Whilst the concen- 
tration of barbiturate and of /)-o\y benzoate has little effect on A', the latter increases 
with increasing concentration of glycine In both cases, and influence of ionic strength 
IS very small The temperature dependence of A' is shown m Fig 2, from which 
the Arrhenius activation energies are calculated 


Table 2 -iNFiurNri of iiufiir and masking aglni and oi 

IONIC SIRINC.TH UPON IHF FSCIIANCiF RA 1 1- 


Conen of reagents (M) 


/' 

A'* 

Tai Irate 0 060 

Barbiturate 0 025 

0 32 

45 

0 060 


0 0775 

0 32 

44 

0 043 


0 0375 

0 32 

52 

0 060 


0 0375 

0 40 

53 

0 060 

/>-oxy- 

0 100 

0 32 

45 

0 060 

benzoate 

00125 

0 32 

53 1 

larlralc0 060 

(ilycine 

0 025 

0 32 

0 31 

0 060 

0 050 

0 32 

0 68 

0 158 


0 050 

0 32 

0 50 

0 060 


0 050 

0010 

0 65 

0 060 


0 050 

0 55 

0 69 

0 060 


ooso 

0 072f 

0 75 

0 060 


0 375 

0 032 

0 76 

a. 1 20 10 ■■ M, /), 

1 20 to » 

M al 25 C 



* The dimensions 

of A' arc 1 

mote * see" 

‘ for the 

results in 


barbiturate and /i-osybenzoate butler amt I- male - sec ^ lor 'hose 
111 glycine buffer 

t Change in coiicentiaiion of /i-oxyben/oatc docs not alTeet the 
late (lesLilts omitted) 

t The lonie strength was adjusted with KCI (others with KNO3) 

The results show that the mechanism differs slightly from (hat for the gallium EDTA 
complex In basic solutions iiidium w'hich is not complexed with EDTA will 
be present as the tartrate complex, but its state is not important in discussing the 
reaction mechainsm, since the rate of exchange is independent of its concentration 
a and of that of total tartrate The indium EDTA complex has one co-ordinated water 
niolecule, which dissociates slightly to give the hydroxyl complex [InY OH]- with 
an apparent dissociation constant 16' 10 ® at 25 C , at pH 10 the complex is 
largely present in the hydroxy form The co-ordinated walci may be leplaced by 
other ligands, eg by NHj m ammomacal solution In solutions buffered with 
barbiturate and jP-oxybenzoate, the rate constants are xerv similar and are 
independent oT the concentration of (he buHering agents, despite their different 
molecular structures Hence m these solutions the exchange must involve the dissocia- 
tion of the hydroxy-EDTA complex of mdium as the rate-dclei nung step and these 
buffering agents would not replace the co-ordination watei under the given conditions 
In Table 3 the kinetic data are compared with those for theaquated EDTA and 
EDTA-OH (N-2-hydroxyethylcthylencdidmine-N,N',N'-lriacetate, formulated as H.,Z) 


4 
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T AHi b Comparison of kinftic data at 25’C 



[CjaY OH;] 

[GaZ OH,] 

[InY OH.] 

1^1 

12 10 “ 

15 ,10 '■ 

1 6 X 10-" 

A 

A' [OH ] 

A' [OH ] 

A' [Oil ]‘ 

A' 

II 3 

37 

52 


(1 mole ' sec ') 

(1 mole ‘see ‘) 

(/^ mole ‘ sec ‘) 


25 

27 

25 

kcal mule ' 




A .It pit 10 

♦11 10 ■* 

* 

0 

1 2 ■ 10“ 


* Calcd Irom A.' 



Fio 2 — Temperature dependence of A in basic media ft - 0 32 (K.NO.,)> a, 1 21 x 
10“'’ M , 25 C', 1 21 10 ■' M, tartrate, 0 060 M, solid line in 0 0375 M barbiturate, 

broken line, in 0 0625 M glycine 

complexes of gallium The rate appears to increase in the sequence [InY OH2] [GaY 
OH2]', [GaZ OHj], which is consistent with the increase in the apparent acid dissocia- 
tion constant Ag of the co-ordinated water If is regarded as a measure of the affin- 
ity between the central metal ion and the co-ordinated water molecule the lability ol 
these complexes may be correlated with the ease with which the conjugate base is 
formed by the action of OH ion The indium complex would be so inert that the 

K Saito and H Terrfy, / Chem Soc 4701 (1956) 
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conjugate base[InY O]^ is not sufficiently labile, and requires further attack by another 
OH ion for the following exchange to fake place, 

[*lnY OH]2- H OH--f 2 r[*lnY O]’ f OH^ 

[*]nY op- + OH-^^ [*InY O OH]»- 
[*lnY O OH]' + [In tart]" [InY O OH]' 1 [*ln tartf 

The kinetic data may alternatively be interpreted if we assume the presence of another 
molecule of co-ordinated water with dissociation constant much smaller than 
16, 10 “at 25°C which is not detectable potentiometrically Hoard, Smiiii and 
Lini> have suggested a “distorted crystal structure” with co-ordination number seven 
for solid aquated EDTA complexes of some tei valent metals including iron, and the 
rare earth elements,'*' and if the indium EDTA complex could assume a distorted 
form in aqueous solution, the formation of such intermediates would not be unreason- 
able 

The gieater value of A' and the smallei value of \ in glycine solutions suggest 
that the dissociation is facilitated by the presence of glycine, which can replace the 
coordinated water to give a more labile complex at pH 9 10, where a significant 
amount of glycine is present as glycinate ion 

[^InYOHJ I NH.CHrO^ [■'■InY NH>CH^CO,p H/9 

Even when the OH ion concentration is in the range 10 “to 10* M, the conjugate 
base formed from the glycine complex would dissociate, leading to measurable 
isotopic exchange with the tartrate complex of indium 

[*lnY NH,CH.,CO,,P OH [*lnY NHCH - H,0 

[■“liiY NHCH,CO>r 1 [lntaif]’'^,i[lnYNHCH.CO,]*^- [*]n tart]" 

I M'l'l 

In an ammoniacal solution at pH 9-11 5 the plot oflogA'vs log [OH ] is linear, 
with an apparent value of \ 14 In this region the ammonia complex [fnY NHJ 

would predominate, but the individual influence of the concentrations of OH ions 
and of ammonia could not be measured, because the NH, concentration incicascs as 
the pH IS increased Nevertheless, the rate is greater than that in barbiturate or 
p-oxybenzoate solutions involving the hydioxy complex [ln\ OHp nitrogen co- 
ordination appearing to facilitate isotopic exchange On the other hand, the use 
of a/idc ions as biiflcr gave results similar to those with baibilurate 

hotopu exdiaiii^e in stiong and solution The exchange rate is immeasurably small 
in acid solution at pH 2 0, but mcieascs remarkably with increasing hydrogen 
ion concentiation The dependence of R upon a and h is shown in Table 4 The 
log log plot in Fig 3 indicates that A - Rfh is proportional to [H ]* from pH 1 2 
at the given ionic strength and tcmpcratuie The Arrhenius activation energy f 
calculated from Fig 4 is 17 6 kcal mole ', and the elTcct of ionic strength is slight 
The rale increases linearly with increase in chloride concentration, (see Fig 5) 
remaining proportional to [H']'* (12 8 kcal mole ') is significantly smaller in 

the presence of chloride (Fig 4) 

The mechanism is therefore simpler than that m basic solution, and resembles 

J L Hoard, G S Smith and M Lind, Advance\ in the Chemislrv oj Co-onhnaiion Compounth 
pp 295-302, Macmillan New York, (1961) 
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Tabu 4 — RtiAxiONSHiP bitwien the exchanciL RAtt anii iiii 
CONCLN I RAT ION OE UNCOMPLIXID INDIUM AND OI INDIUM IDTA ( OMl‘1 tX 

IN At ID MEDIA 


a 

h 

li 

k 

(to " M) 

(10 * M) 

1 10 “ mole 1 ' sec ') 

no 'see-') 

0 675 

1 21 

4 1 

3 4 

0 900 

1 21 

42 

1 5 

1 21 

1 21 

4 5 

3 7 

1 46 

1 21 

4 5 

3 7 

] 21 

0 722 

4 6 

3 8 

I 21 

1 204 

3 9 

3 2 

i 21 

1 687 

4 3 

4 6 

1 21 

2 17 

4 i 

t 4 


/< = 0 20(KNO,), 25 C\ pll, 1 t6 


that of the corresponding gallium complex, the dissociation of the tii-protonated 
indium EDTA complex appears to be the rate-detei mining step The dissociation 
constant of co-ordinated water is so small that the latter remains unchanged in this 
pH region 

[*lnYOH,] H' ^i:[*lnHY OH>] 

[HitHY OHJ - H [*lnH A OHJ 
[*InHjY OH.]' -i H'^‘‘[*lnH,\ OH>]- 
[♦InHjY OH,]-' : IiH [[nH,Y OH,]- i HiY 

Exchange involving dissociation of the mono- or di-protonated complex is thus 
inxmeasurably slow, contrary to the case of the indium EDTA OH complex, which 
undergoes isotopic exchange via the monoprotonated form, the rate being gixen by 
/i k' h [H'] In the species [lnH,Y OH^]- , the In O bonds are almost com- 
pletely dissociated, and the indium EDTA complex undergoes isotopic exchange iia 



Tk. 5 — Influence of chtoiide ion concentration in .Kid media /< 0 20(K'NO^) 
(except a few poinis with greater /t values) 25 C , pH 1 S)2 a, 1 21 10 M 

/>, I 21 v 10 ’ M 

" K Saho and M Tsuciumoio, Bull C hem Stic Japan 3^, tliT (l‘)f,2) 
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dissociation of tlie complex, is much smaller than that m weakly basic 

solution 

In solutions containing chloiide ions, the co-ordinated water would be replaced 
by chloiidc ions to give [InV Cl]- which would be protonated to give the inter- 
mediate [lnll,Y Cl]‘ I he gieatci value of A,' and the smaller value of indicate 
cithei a grcatei ease of foimation of this tnprotonated form or a greater lability for 
this intei mediate Replacement of the co-oidmated water by anionic species (eg 
acetate or taitiatc) inci eases the lability of indium ED'IA-OH**’ but not that of 
the gallium I DTA or 1 OTA OH complex Such a difference could be due to the 
dillercnt extent to which co-ordinated water in the indium complexes is replaced 
by anions 

I Xl*l RIMbN I AL 

Miilciial In (hair-lilc 49 days. Radiochemical Centre, Amersham), with a specific activity 
•'-in /<c pci mg, was diliilod to a sptcilic activity of 0 41 /ic per mg The hydrated porassitim salt 
ol the indium I 1)1 A complev kflnY H_f)| 11^0, was prepared in ciystallinc foim from the 
li.iced indium, commcicial I DfA (acid foim) and poiassium hydioxide 1 lie composition was 
confiimetl by chemicil anahsis and putenticimctiic t'liaiion Other chemicals were guaiantccd 
rcagenis 

Aiiuik 1 he procedure was the same as that for ihc kinetic study of the gallium complexes, 

txccpl that the indium 8-c|umolinol complex was precipil.ilcd at pH t~4 with Brom-Cicsol Oreen in 
ethanol as indicator I he composition of the 8-quinolinol complex was independent ol the amounts 
of icagciits 111 the reaciion mixtuie The ^cio-timc exchange was negligible in acid solution, and 
~10 per cent iii basic solution, Ihc lattci can piobably icgardcd as being sepainlion-intiuccd 
Aclivity was measured by /-i ay spccliomctiy , /<’ counting was moic sensitive to changes m gcomeliy 
and lo souicc mounting The wcighlcd liltcr plate was wrapped with Ccllotape and placed on a Nat 
ciystal scmtillaloi the I 98 MeV />’-rtys of '"'"In being absoibed by a 1 cm thick polymcthyl 
meihaciylale plaie The pliotomuluplier poise was biased to pioducc an intcg;ratcd count of the 
photo-clc'cii ic peak ol ihcO 192 McV,-iays The coiinis include those trom p-iays with high energies 
and the counl-iate was piopoitional lo the amount of radioactive indium 

The specific cotinimg lale was oblaincd from the weight of the 8-qinnolinol complex, and the 
fraction.il cvcli.ingc ! is given by Ihe expression 

F - — v„)/( V — v„) 

wheic V / V,, and i„ aie the spccilic count talcs at inhnilc lime, lime ; and time ^cro, the last being 
about 5-30 mm allci mixing ihc solutions 
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LIGATIONAL EFFECTS IN VANADYL COMPLEXES 
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(Received 9 Fehtumy 1963) 


Abstract- -Results of a study of the shift in the vanadium-ovygen multiple bond stretching frequency 
ot VO(acac)j as a function of (a) solvent, (b) neutral ligand and (c) anionic ligand, are reported and 
discussed Ligands were found to fall into three rather distinct groups Those producing a shift of 
48 J- 3 cm ' include a number of primary amines, pyridine, ammonia and the moderately strong 
field anions NCS" and CH3COO Those producing no shift include ligands which owe much of 
their ligational strength to metal to ligand ir-bonding, such as diphenylsulphidc and triphcnylphos- 
phine, and weak field anions such as Cl , CIO, and Gertain l,g.)nds, such as tetrahydrofuran 

and /D-dioxanc, produce smaller shifts of 23 1 cm ’ and the adducts which they form with the 

vanadyl complex have relatively low formation constants Frequency shilts caused by mass effects 
alone have no relevance in these studies 

Ir IS now established experimentally''* that the value of the metal oxygen multiple 
bond stretching frequency in metal oxycations, such as and VO-+, is dependent 

upon the ligands attached to the oxycation entity However, there has been very 
little systematic investigation of this perturbation effect, particularly in regard to 
minimt7mg the number of variables inherent m such studies 

McGlynn et «/"'** examined the shifts in r, (the antt-symmetne stretch) of the 
uranyl entity in a series of six complexes KjU02L„(N0,)2, where L is the variable 
ligand They showed that a ligand senes parallel to the “spectiochemical ligand 
series” may be defined using the shifts observed m f’j A ligand field approach was 
employed to rationalize the scries m terms of an electrostatic contribution, as wcU 
as (7- and 77 -bonding contributions, to the bond strength 

A similar study has been conducted with vanadyl complexes by ShLniN et < 7 /''^* 
Vanadium-oxygen stretch frequencies for over fifty complexes of the VO-^ entity 
were recorded for a large variety of complex types and several short ligand scries 
were derived for those cases where it was certain that a given symmetry type of vanadyl 
complex was being compared For example, for the syrnmctiy type [VO(L) 5 ] the 
senes, corresponding to decreasing I'v-o. •*> L HjO ' — NCS^ CN ^ DMSO 

(DMSO -= dimethylsulphoxide) 

Nakamoto ct al have reported that the f\ <, shifts fioiii 995 cm ' to 964 cm ' 
for the complexes m the solid state upon the addition of one pyridine molecule to a 

‘National Science Foundation Undeigraduale Rcseaicli Partivip.ints Summer, 1962 
S P MoGiynn, J K Smith and \V C Ni llv, y Chem Phw 35, 105(1961), 

B ShamburcjER Thesis, Louisiana State Llnivcrsuy, (1960), 

J Seldin, L H Holmes, Jr and S P MrCiiVNN, C/k/ii a/id Jinli/m 746(1961), 

M F Dyatkina, V P Markov, I V TsAPKiNvandT N Mikhailov, /f/; Xiwyoii Khmt 6, 
575 (1961), 

J Selbin and L H Hoimes, Jr, / Inoiy f<iul Chetu 24, 1 1 1 1 1 1 162) 

J SiLBiN, L H Holmes, Jr and S P McGiynn, /W In press 
K Nakamoto, Y MoRiMOToandA I M\Rini,y Anur Chem Soi 83, 4533(1961) 
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molLCiik of V()(acai.)^ They also found that tlie addition of a pyridine molecule 
shifted the antisymmeli le and symnictnc O — U O strctehing frequeneies from 915 
and 83K cm ’ to 909 and 827 cm ^ respectively, m the solid uianyl bis-(aeetylaee- 
lonate) compics 

In this papci we report a study of the shift in the vanadium oxygen stretching 
lieqiiency as a function of (a) soKent, (b) neulial ligand, and (c) anionic ligand, as 
these attach more or less strongly, to the sixth position presumed to be chemically 
and spatially available in tlie following vanadyl (IV) complexes [VOfacac),], 
[V(9(oxine)^], and [VO(c ii-bis-sal)] (whcie aeac acctylacetonate ion, oxine - 8- 
hydio\^c|umolmate ion, and cn-bis-sal cthylenediamme-bis-salicylaldehyde) That 
the [VOtacac)^! complex is monomeiic and an example of five coordinated vanadium 
(IV), and that it can attach a sixth ligand has been previously demonstiatcd 

tXPrRIMtlSI PAL 

Muh ( la/s 

H/'.-dd t\ tciK'loiuilo-OMndiKHliumd \ ) A rcdgcnt grade coiiinieicMl pioduct, obtained fiom K and 
k laboidiories, was rocrystalli/cd iwicc Ironi boiling .n.etonc The V-O stretch ficquency of solid 
[VO(acac)J mulled m Nujol, occuiicd as a stiong sharp peak ai 997 cm ' Otiici values assigned 
to this vibration range lioin 995 to 1005 cm ' (Sec relcicncc 2f for litcraluie citations ) Found 
C, 45K), H 5 44 V KS 9 Calc foi [VO(C TtAXy <_ 45 29, H, 5 12. V, 19 2",,) 

This compound was prepaicd by the method of 
Bin K. and Havfk It should be dried and sloied in a vacuum des/ccalor, preferably in an inert 
atmosphere as it stems lo be quite susceptible to oxidation to VO(OH) (oxinc')^ Found C. 60 58 
H, 3 50, N, 7 65, V 14 1 talc loi [VO(C,Mr,NO),] C,60 79, H, 3 18, N, 7 89, V. J44",;) 

Lih\lcneduinune-hi\-\alt(.\laldcliV(lo-o\ovan(ntinin{iy) This giecn complex wias prepaicd by the 
melhod ol 13ii i lo and Bayhi ' li was recrystalli/cd from boiling mclhanol Like the oxinc complex, 
this one should be stoic’d m a vacuum desiccator under mliogen The quadiidcntate ligand, ethylcne- 
diainine-bis-sahcylaldehydc was prepared by slowi addilion of snlicylaldehydc lo a cooled ethylcne- 
diammc solution 1 he icsulting yellow solid was reciystalli/cd fiom a 1 I cthanol-watcr or acetone - 
water mixtiiic (lound C, 57 78, It, 443, N, 8 12 Calc for [VO(C C, 57 66, 

H, 4 24, N, 8 41 "„) 

O/ht'i ihfiiiutils All other chemicals used m this work were of icagcnt giadc quality Solvents 
and liquid ligands were distilled prioi to use 

Spec lull /ncrnici cments 

Infra-red spectia were rccoided using a Beckman IR-7 prism -grating spectrophotometer employing 
Natl optics throughout the 5000 650 cm ' range The mull technique using Nujol was used for solid 
samples, liquid samples were urn in standard NaCI matched liquid tells Ligand spectra were 
recorded separately to allow idcntilication ol ligand bands m the region of interest 

RESULTS AND DISCUSSION 

That a sixth ligand attached to a [VO(AA)j,] complex, producing a roughly octahed- 
ral structure, can condition a significant shift of the V- -O stretch frequency may be 
seen from the data in Table 1 (AA is either 1,10-ortliophenanthroline (ophen) 
or (y.a'-dipyridylfdipy) ) It is seen that the addition of the weak field ligands, chloride 
or bromide ton, to the sixth position on the vanadium (IV) produces a slight shift 
of f\ ,, to lower frequencies We might presumably prescribe this shift to a slight 
weakening of the V — O bond However, these studies, as well as all previous studies 

M M JoNrs, y A/ner Chem Soc 76,5995 (1954), R T Ciaunch, T W Martin and M M 

JONFS, ibirf 83, 1073 (1961) 

(a) H J Bii no and E Bayer, Chem 584,96(1953), (b) 580, 1 35 (1953) 
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of the metal oxygen multiple bond stretching frequencies were carried out using 
solid complexes mulled m Nujol or dispersed in KBr pellets Therefore we studied 
the mclal-oxygen frequency shifts of vanadyl complexes dissolved in inert solvents 
so as to minimize any effects such as might arise from crystal packing forces and 
related phenomena 

However, before we consider these studies, we must discuss another factor, 
apart from crystal forces and ligand electronic (or bonding) effects, which might 
be producing or at least contributing to the observed frequency shifts This factor 
IS the simple mass effect on vibrational fiequencies Thus we must consider 
the possibility that the attachment of, for example, a chloride or bromide to the 
vanadyl complex* is sufficient to condition the observed shift (and it certainly 
occurs in the predicted direction) We make the assumption that the addition of a 
pyridine molecule (atomic mass units 79) to [VO(acac)J (atomic mass units of 
V(acac), - 299) results in a V O frequency shift caused solely by the mass effect 
We can then calculate very simplyf that the original fiequcncy for [VO(acac) 2 ] 
of 995 cm^’ will be shifted to approximately 989 cm ' by the attachment of a pyridine 

TAIiLt I V -O STRI It H IRIQUI NCIES and I QUIVALtNT 
rONDUCTANflS Oh SH IC 1 1 t) VANADV I COMPLtXIS 


Complex 


)“ If"’ till' 

[VO(ophen),](CiO,), 

987 

56(1) 

[VO(ophcn),ClJCl 

982 

24(2) 

[VO(ophen).Br]Br H.O 

981 

26 (2) 

[V 0 (dipy),](C 104 ), 

979 

56 (5) 

[VO(dipy),](Pr,.). 

980 

- 

[VO(dipy)TIlCl 

965 

18 (2) 

tVO<dipv).Bi]Br no 

985 

25(2) 


ObtameU for the solid complex run in iNujol mull 
Equivalent eonduclantc oblaincd in nilrobcn/^cne, 
number in parentheses is the number ol ions indicated 
by the conduct.mec value 

to give [VO(acac) 2 py] The observed shift is to 964 cm ^ It thus appears that while 
the mass clfect is significant in an absolute sense it docs not contribute more than 
about 20 per cent to the magnitude of the observed shift Furthermore if a series 
of ligands having roughly the same masses are attached to the vanadyl complex, 
the order of ligands, based upon the magnitude of the respective shifts should be 
independent of mass effects and nearly completely dependent upon ligand bonding 
effects It IS the latter that we arc attempting to ascertain by these studies 

In seeking a suitable inert solvent m w'hich to examine the V— O fiequcncy shifts 
we obtained the data given in Table 2 The constancy of the ,, m several solvents 
IS noteworthy as is the marked shift in frequency observed with the only solvent 

* We are making the simplifying assumption here that the V — O vibration is to be considered as 
arising primarily from the movement (in a simple Hookian fashion) of the light oxygen with respect 
to the more massive vanadium plus all ot its attached ligands 

t An alternative and more rigorous treatment than used by us of this mass effect has been carried 
out by S P MrGiVNNandT R Ortoiano (private communication) with the s,ime results 
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having appreciable coordiiiating tendencies, dimethylformamide The vanadyl 
species were stable (or at least an hour in all of the solvents 1 he solvent chosen for 
the remaining studies to be discussed here is chloroform 

In Table 3 we have tabulated some results obtained by examining Vy_ ,, of 
[VOlacac)^] m the picsciice of various potential ligands The general procedure was 
to examine a ligand in mole ratios of vanadyl complex to ligand equal to 1 1,15, 
and 1 25 1 hose ligands listed on column one of the table produced a shift of 48 ± 3 
cm ' when the mole ratio was 1 1 For all examples except ammonia and diethylamme 
(the only secondaiy amine studied) the original band at 1004 cm^^ completely 
disappcaied for the I I mole latio With ammonia (the molecule except for pyridine 
with the lowest pA value) a 1 5 mole ratio was necessary to remove the 1004 band 
With diethylamme (which JoNts and co-vvorkeis' were able to co-ordinate to solid 
[VO(acac) 2 ]) the 1004 band is still present, a piecipitatc removes some complex from 
solution and the shilled band (at 954 cm *) is of weak intensity at 1 1 and medium 
intensity at 1 5 mole ratio Finally, in the first column it is seen that the moderately 
strong field ligands NCS^ and CH,COO' also produce shifts of the same order of 
magnitude 


fvnil 2— V — O STRETCH IKIOULNtllS lOK TWO VANADVL 
COMPIIXIS IN SH.LCIII) SOLVENTS 



VO(acac), 

VO(en-bis-sal) 

Solvent 

I'v o (cm ‘) 

>\ (, (tm ') 

Nujol mull 

997 

990 

Acetonitrile 

1002 

995 

Chloroform 

1004 

990 

Carbon Disulphide 

1007 


Acetone 

1007 

997 

Nitromethane 

1007 

995 

Ben7cne 

1008 

- 

Dimethviformamidc 

972 

- 


In the third column of Table 3 are listed the ligands which produced no observable 
shift These include the weak field ligands Cl', CIO^^, and NO,', and those which 
perhaps owe their hgational strengths to metal to ligand pi bonding, such as the 
sulfide and phophine 

In the centre column are listed some ligands which produced shifts of 23 i 1 cm"* 
For the first two the 1004 cm * band is still present and even at 1 25 mole ratios the 980 
band (the shifted one) is only of medium intensity With aniline and phenol the 
shifted band does not even appear until the mole ratios of 1 5 and 1 25, 
respectively, are examined 

Figure 1 illustrates the growth of the shifted band with increasing ligand to 
complex mole ratio The ligand here is tetrahydrofuran and in lA the first and 
fourth bands (at 1063 and 935 cm '*) are caused by this ligand The second band 
(at 1028 cm"*) is due to the methyl rocking vibration m the coordinated acetylace- 
tonates, and the strongest band, the third one (at 1003 cm"*) is the unperturbed V — O 
stretch of [VO(acac) 2 ] !■* is seen the growth in intensity of the shifted 

band (at 983 cm"*) and the intensity decrease of the unperturbed band 



The LXlrJLtion ol uranium (VI) Irom nitric acid solutions 


0 5 duel 1 0 M acid it was found that liquation (2) is not satisfied hurthermorc, as 
values of the partition coefficient forO 1 M HPA in kerosene are greater than ten 
it IS likely that extraction under these e'onditions involves formation of a polymeric 
Liiamum Dl HF’A complex''* as in sulphuric acid solutions at low acidity 

lJ(),X,M,(o) (a) (HX),(o)^ -^ ( U().),X, H ,(o) 2H (a) (3) 

le an ovciall leaction 2LJ()^“ (a) 3(HX)^(o) ^ ^(1 t)jljXi^H^(o) 411 (al (4| 

1 his leads to the following relationship 

log4/,i' l‘'>g A| 2log(C. 2C^)K^^ t5) 

wlicie A| IS a constant When values of log / wore p/ottetl v s loefr, 2ri);C,,in 

0 5 .ind I 0 M acid it was found that Hquation (5) is satisfieil the slopes of the lines 

being I 9 and I 8 in 0 5 M and I 0 M UNO, respectively I hus it appears that at low 

mine acid eoncenlralions uianium is extracted m accordance with Fquation (4) 

If we assume that at highei acidities /; molecules of the DFHPA dimer combine 
with each uranium (VI) ion by a reaction similar to that observed with fBP vi/ 

U(V (a) 2N(), (a) r //(nX)_4o) ^ n04\(J,).(HX)>„(o) (6) 

1 hen (he following relationship would be expected 

log 2''r, log A, /ylogtC'-. 2/iC, ) (7) 

where A., is a consfant Wiieii the values ol were plotted vs log (C\ - 2nC\ ) for 
values of n I and 2 m 6 M UNO, the slopes of the lines were 1 6 and 1 3 for n 1 
and 2 rcspeelively However, since either or both of reactions (1) and (3) will also 
occm to some extent at highei acidities the obseived values of the partition coelhcient 
are probably highei than it extraction showed a mtiateion dependency due to Fquation 
(6) alone As the slope of the line using n - I mav therefore lx gieater than iinitv we 
assume that n 1 in Fquation (6) i c 

UO,' (a) , 2NO, (a) (HX)>(o) ^ UO,(NO,),(HX),(o) (8) 

(b) Di’peiuhiu c ()ii iiuii’iiini (otuc/ilialioii 

When uianyl nitiate solutions containing 1 0 and 6 0 M nitric acid aie extracted 
intoO 1 M DFHPA m keuisene at 20 C the organic phase in aniiim concentration was 
found to increase with increasing initial aqueous iiianium concentration towards a 
limiting value (0 05 M). indicating that two molecules of DFMPA combine with each 
uiamum ion undei these conditions 

(c) Dcpcndcnic on oipainc plioic m liri/v 

1 he extraction of acid Irom iiranyl nitrate solutions (5 g/l) into 0 1 M DFHPA m 
kerosene was included at 20 C with the icsults shown in Fig 2 which also gives data 
lot the extiaclion of acid in the absence of uiamum 

In tile absence of uranium tlie acidity of the oigame phase is approximatelx 
constant below 3 M and incieases with mcieasmg aqueous acidity above this concen- 
tialion In the presence ol uranium the oigamc phase aciditv is less tl’an m its absence 

t p Dais lr,R A Zinc. A lto and C I Coi fmam J Pins Cluni 62,120(1958) 
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Tabic 1 — Ligands whosc tii-rci on thl V — O stretch frequincy 

HAS BFLN STUDIED 


Shift 48 1 3 cm''^ 

Shift 23 4: ) cm"^ 

No shift 

Pyridine 

1 etrahydrofuran** 

Aniline (1 1) 

Ammonia^ 

/)-Dioxanc'' 

Phenol (1 1) 

Isohulylamme 

Aniline (1 5) 

Thiourea 

n-Propylamine 

Phenol (1 25) 

Dielhylelhcr 

Piperidine 


Diphenylsulphidc 

Elhylaniine 


Diphcnylselcnidc 

Diethylaminc'' 


7 nphcnylphosphine 

rahylenediamine 


Triphenyldrxine 

KNCS' 


Et.NCi" 

NH.CHjCOOo 


I t.NCKV 

\gNO|'’ 


1 004 band still present, must go to 1 5, 056 band of medium intensity 
'' 1004 band still present, ppt removes some complex, 054 band weak 
at I I , medium at 1 5 
'■ run in aeetonitiile 

'' 1004 band still piesent, 980 band is medium at 1 25 
run 111 nitromcihane 

It would appear froni our limtted results to date that there is a maximum limit 
to the shift of the V -O stretch ficqueney, at least for the [VO(acac)i] complex 
We can offci no explanation of this observation at the present time However, we 
can point out that all ligands producing this shift are at least moderately strong 
protonic bases and they generally co-ordinate well with transition metal ions Weak 
field ligands ot those with very weak (j-donor capacity produce little or no shift 
These results lind some suppoit in the work of Jonts and co-workers*'’’* in which 
they found the enthalpy, entropy, and free energy of addition of ammonia and 
primary amines to [VO(acac)^] to be relatively independent of the ligand However 
wc shall defer any attempts at an explanation until strong held ligands can be studied 



Frequency cm ' 

Fig 1 — Growth of the shifted band (arrow) with increasing ligand (tetrahydrofuran) 
to complex mole ratio A, 1 1 , B, 5 t , C, 25 1 The shaded band is the original, 
unperturbed V — O stretch band of [VO(acac)d in CHClj solvent 
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Finally it is significant that with [VO(Gxine) 2 ] (studied in chloroforni solution) 
and [VOfen-bis-sal)] (studied in nitioniethane solution) there was no shift observed 
for most of the same ligands which produced maximum shift with the acctyiacc- 
tonatc complex However, with the cn-bis-sal complex there was slow formation 
of precipitates which, when examined in nu)ol mulls, showed shifts up to 66 cm ' 
We tentatively interpret these results to indicate that the molecules of these two 
vanadyl complexes do not have the square pyramidal structure known from X-ray 
studies''’’ for the acctylacetonatc ccunplex Rather, it is suggested that the oxide 
and cn-bis-sal complexes aie distoilcd toward a trigonal bipyamidal configuration 
by the unsymmeti ical ligands and that theiefore there is no sixth position available 
to anothei ligand Pichminary support for this postulation comes from (a) dipole 
moment cietei minations we have earned out on [VO(acac) 2 ] [VOfoxinel^], which 
yield values ol 4 3D and I 7D, lespectively, and (b) the slow leaction of the [VO(en- 
bis-sal)] complex with strong ligands to produce adducts with shifted V — O stretch 
frec[uencies 


A<.k}ionU<li;i UK III A Nalional Slicmicc houndalion Grant (No Nt5r-I5242) to one of us (J S ) is 
very giatcfully acfiuiwledgcd 

"" R P DoiXii,D H 1 1 viiM 1 TON and A Zaikin.^ C Ih m, Plt\ •, 35, S5, (1961) 
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THE REACTION BETWEEN URANYL NITRATE AND 
SODIUM TRl METAPHOSPHATE 

A iNDF-iLiandC SAOLihrio 

Chemistry Department, University of Ferrara Italy 

{Recuvcd 1 Nvvemhd 1962, in rciiHcl jot nt 'i Mnnli 1963) 

Abstract— The precipitate lormed when sodium trimetaphnsphate and uranyl nitrate solutions are 
mixed has been identified as uranyl triphosphate by determination of uranium and phosphorous 
contents, by ehromatographic analysis and by X-ray diffraciion The reaetion rate was followed by 
aeid base litiations and by a polarographic method The rale is dependent upon the hydrogen ion 
concentration, and at least two mechanisms appear to be responsible lor the reaction The results 
may be htted to rate equation based Lipon the participation of the species UOd* and U^OJT , but 
more detailed analysis ol the data is prevented by a lack I'f knowledge of the equilibria involved 

WiiLN solutions of 0 1 m uianyl and tnmelaphosphatc ions arc mixed a precipitate is 
foimcd after a few minutes Since most tnmetaphosphates are easily soluble"’ it 
seems likely that the precipitate is a linear condensed phosphate The reaetion 
resembles that between NajP^O^ and Ca-^ or Ba-'' in alkaline solution. and other 
instances of the catalysis by metallic ions or chelates ol the hydrolysis of condensed 
phosphates have been lepoitcd recently ’’ 

EXPERIMFNTAL 

Most of the chemicals were Carlo Elba” RP products, and were used without lurther puriheation 
Sodium salts ot condensed phosphoric acids were prepared and pui ihed as described clsev\here,‘^’ and 
conductivity water"” was used to prcpaie all solutions Phosphoius was deternaned gravimctncdlly 
by the standard molybdate magnesium ammonium phosphate method, and also by a colorimetric 
method, special caie being taken to avoid inleilercnces by UOa , NOj and tlOj ions Uranium 
was dcteimincd coloi imctrically Papci chromatography was cairied out by a slightly modified 
Lbcl method X-Ray dilliaclion photographs were taken with a General Electric XRD-5 set, 
w ith a copper tai get Potent lomel i le lit rat ions m the absence of CO. were wiih a Cambridge portable 
pi I meter and glass clectiode were accurate to ~0 01 pH units "" Polarogiaphic measurements were 
made using a Sargent Polarogiaph. Model XII, the potential of the dropping electrode was kept at 
0 S8 V with respect to the mercury pool anode Under these conditions the reduction current is 
pioportional to the UOj'^' concentration, since ihc half-wave poioiilial for reduction of UO.PiO,,,^ 

IS 1 07 V with respect to S C b Adequate precautions were taken to avoid contamination by O, 
<ukI to mix the reactants only when the desired tein]scratuic had been reached 

P Pas< al, nailcilc Cluiiiii' Mtneiale. Masson ct C ic Edileurs, Tome 111, p 451, Tome VI p 621 
Pans (1932) 

"’A Inoei LI, /In// Chim (Rome) 46, 717 (1956) 

R HoFsiETTiR and A F Marilll, 7 4///<7 Chcm S<n 81,4461(1959) 

W WiEivLR and F TmiO, Z Amni; Chun 306,48(1960) 

' ' A Inoelli, Anji C him (Rome), 43, 845 (1953) 47, 586 (1957) 

"'A iNDiLLlandb S Amis, 7 Anm Chcm 5(/r . 82. 3 32 ( 1 960) 

'Cl irrari, " Analisi MkioiIuiiucIic Colonmitiuhc p 47 C Zufh, Bologna (1947) 

R Cl Cannini. and P Dixon, / l/w/iZ Chcm 27, 877 (1955) 

" J P Ehli, ft/// S(H Chim /7o/i< (. 991 ( 1953) 

D N Blrnhare and NV B Cnrss, AnalM Chew 31, 1026 (1959) 

""A Indllii, G Nolan, Jr and E S Amis.Z Ama Chcm Soc 82, 3237(1960) 

'■ P R SunuARAMAN, N R Josiii and J Gupta, Z/k/Z Chim 4; /n 20, 89 ( 1 959) 

I2S9 
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RESULTS 

Indepcndcnlly of the concentration of the leactants (0 006-0 02 M) and of the 
presence of HCIO, (0 00-0 07 M) the piccipitate had the composition U, 56 4, 
P, 9 4, H,0, 10 7"., (Calc for (UO,UP,Oio).12HaO U, 57 4, P, 8 97, HoO, 
10 43';;,) 

The solution obtained on treating the precipitate with cation exchange resin in 
acid foim and ncutrali/ing with NaOH contained only NajP^Oi,,, as shown by paper 
chromatogiaphy X-Ray patterns of the precipitate were complex (about fifty lines), 
and weic similar \Mthm experimental error to the pattern of a piccipitate obtained 
from Nar,P,Oj„ and (.1(3, .(NOj), * 

The acid evolved during the reaction can be titiated potentiomctncally, after 
quenching with Na,,PjOju or NuiP^O, to complex UOr' The increase m .icidity and 
in buffer power duimg the leaction is clearly detectable, but quantitative data aic 
difficult to obtain in neutral solutions bceause of the high late and in acid solutions 
because ot the small peicentage increase in acidity, moreover, the buffer power of 
the complexing agent interferes with precise determinations In solutions 0 0057 M 
in UO/NOj),,"o 0023 M in Na,P,()(, and 0 014 M in HCIO, an initial late of 4H+]/ 
r/t 0 8 10 '' mole I ^ sec ' was obtained 

Most of the kinetic runs were earned out polarographically, the current-tune 
curves showed two regions, the first corresponding to the reaction 

UOr PjOy'- -I- HP -- UO,Pp,„>- I- 3H'- 
and the second (witli greatly meieased slope) to 

3U(),-^ + 2U(TPp,„-»- - (UO,),(Pp,„), 

From the first the initial rates repoited in Table 1 were determined with an accuracy 
of ~5 per cent 'fhe order with respect to ion is —0 66 when the acidity is in- 
creased from 0 00143 to 0 0143 N, beyond which the rate remains constant to 0 0714 N 
acid The oidcr with respect to UO/‘ is 1 7 at [HCIO,] - 0 00143 (runs 1, 7 and 8) 
and 1 0 at [HCIOjj 0 0286 (runs 5, 1 1 and 12) The order with respect to PjO,/ ' is 
0 8 at [HCIO,] =- 0 0286 (runs 5, 13 and 14) As the P 30 ,,^ concentration is increased 
the rate at first increases and then decreases (runs 9, 1 and 10) From runs 1 and 15, 
and 5 and 16 an activation energy ot 17 kcal may be calculated which is inde- 
pendent of the acid concentration 

DISCUSSION 

The analyses show the precipitate to be essentially (UOP(PP,n),l2Hp with a 
slight excess of P, due probably to the adsorption of P^O^ip by the ciystals The 
change in rate when [HCIO,,] is changed may be due to the intervention of hydrolysed 
species of IJ(VI), since the acid dissociation constant of HPp/‘ is too high<i^> to be 
responsible for the rate decreasing towards a limiting value The overall reaction 
appears to follow two paths, and the results may be explained by assuming that these 

* A detailed list of the interplanar spacings can be obtained from the authors 
1141 Q j Quimby, Ghent Revs 40, 158 (1947) 

(IS) c y/ Davies and C B Monk, J Ghent Soc 416 (1949) 
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Table I — Reac now ratfs, moli 1 ‘ sir *, for ihf olsapi’i arancf of fhf 
ORANYL ION 1 TMl’ERATURF 25 0 C, OM FSS 01 1 lERWlSl INDirAlEI) 


n 

[UO,(NOP,] 

[Na,P,0,] 

IHCIOJ 

-lO-c/lUOP^lA/i 

1 

0 00571 

0 00229 

0 00143 

1 89 

2 

0 00571 

0 00229 

0 00286 

1 29 

3 

0 00571 

0 00229 

0 00714 

064 

4 

0 00571 

0 00229 

00143 

0 45 

5 

0 00571 

0 00229 

0 0286 

0 46 

6 

0 00571 

0 00229 

00714 

0 46 

7 

0 00286 

0 00229 

0 00143 

0 38 

8 

0 01143 

0 00229 

0 00143 

3 58 

9 

0 00571 

0 00114 

0 00143 

0 88 

10 

0 00571 

0 00571 

0 00143 

I 35 

1 1 

0 00286 

0 00229 

0 0286 

0 19 

12 

001143 

0 00229 

0 0286 

0 77 

n 

000571 

0 00114 

0 0286 

021 

14 

0 00571 

000571 

0 0286 

0 72 

15* 

0 00571 

0 00229 

0 00143 

7 61 

16* 

0 00571 

0 00229 

0 0286 

1 77 


’Temperature 40 OC 


involve the UO/' and ^J 205 H'’^ ions The rate would then be given by the expression 


R -- A-i - 


K[U(VI)P 


[H'l + 4K[U(VI)1 


- Fi (tniner) 1- Aj 


lHniutvi,n.^K(U(yi)i; 

(H'] 4- 4K[U(,VJ)] 


where A'l and A^ are the rate constants for the reactions involving the U^OsH^ and the 
ions respectively, K is the equilibrium constant of the reaction 


2U0/" + H^O - 1- H-, 

[U(V1)] IS the total uranyl concentration, l\ (tnmer) and !■> (trimer) arc functions of 
the PjOg’’ concentration, which in runs 1 to 8 and 11 and 12 was kept constant 
In deiiving Equation (1) a term involving [UjOjH®’]" has been neglected Although 
this expression agrees qualitatively with the lesults the values of the various param- 
eters cannot be estimated in view of the relatively poor accuracy of the data. The 
species has not been detected previously but the formation on hydrolysis 

of the ion of species containing two or more atoms of U has been repeatedly 

observed The dependence of the rate upon ] is rather puz/ling although 

It is possible that an excess of P-,0, prevents the hydrolysis of the UO/+ The 
activation energy is about the same as that for alkaline hydrolysis of Na,PjO, and 
much smaller than fcir acid hydrolysis It is notewoithy that the linear condensed 
phosphates are not appreciably hydrolysed, and the uranyl lon catalysed hydrolysis 
Could therefore consist m a nucleophilic attack by a water mcvlecule, assisted by the 
presence of a UO/* or a UjOjH^' ion, possibly by a concerted process 


R A Robinson and C K LiM.y Clum Sot 1840(1951). A Afiriand S HiiiAMNandL G 
SiLiEN, ,4rfo C/imi Stand 8,1907 (1954), J \ HrvRNE and A G Whuf J Cliem Sot 2168 
(1951), J PAUrHERRF, r /{ Acad S<i Pans 227, 1)67(1958), A Pfifrson, ActaChem Scand 
15, 101 (1961) 

''R M Hlaly and M L Ku Patrick, 7 Amer Chem Soc 77, 5258(1955), A Inoelli, Ann 
Chem (Rome), 46, 767 (1956) 

C G Swain, / Amei Chem Soc 72,4578 (1950) 
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PHOTOLYSIS OF SODIUM NITROPRUSSIDE AND 
NITROPRUSSIC ACID 

R P Mitra, D V S Jain, A K Banerjci and K V R Chari 

Department ol Chemistry, Delhi University, Delhi 
f Kect II C(t 25 Mai(/t 1961) 

Abstract -The pH ot neutral solutions of sodium nilropnisside decreases on irradiation vvith ultni- 
violct light On eutting oil the light, the plf slowly rises and tends lo reaeh its original value Jf 
irradiation is fat too prolonged, seeondary reactions set in, and the pH change is no longer 
reversible Titialion with <i base shows that irradiation under photo-reversible conditions produces a 
weak acid whose amount increases as irradiation proceeds, up to a masimum of two equivalents 
per mole of mlroprusside The same weak .teid is also produced when nitroprussic acid which, 
ordinarily, titrates as a strong acid, is iriadiatcd A mechanism of the observed changes is sug- 
gested, based on the assumpium that the primary (photoehemical) reaction is one ot a photolysis of 
the nitropuisside ion, giving NO , which then hydrolyses to give H ions 

SoiuiioNS of complex cyanides, [M"'(CN)b] “■* where M" can be any one of 
Fe-'", Fc'^', Co^*, Cr'‘ etc , have been known to become alkaline when irradiated by 
ultia-violct light.*’’-’ It has been suggested that photolysis ol [M"“ (CNIgp **’“"> first 
takes place lo give (CN) ' and the latter then hydrolyses, producing free alkali 



'">■ [M" (CN)5]'>-''>- (CN) 1 

(1) 

(CN)-i 1 

Hp ► HCN OH- 

(2) 


Hp [M" (CNIsHp]'’-"’- 

(3) 


On cutting olf the light, leaclions (I 2) and possibly also leaction (3) are reversed, 
giving back [M’'’(CN)^]'*’ and the original pH is restored, unless irradiation has 
been fai too prolonged 

It would be of interest to study the photolysis of complexes in v\ hich one or more 
(CN)~ ions have been substituted by other ligands This papci deals with the photol- 
ysis of sodium nitroprusside and nitiopiussic acid Two dilTercnt slructuies could be 
envisaged for the nitropiusside ton 

[Fc2 (CN^NO^]- , and [Fe* (CN),MO]- 
(I) (M) 

Hie known diamagnetic charactei of sodium nitroprusside is strong evidence in 
favour of (I)*’” and oui results, presented below, arc also m conformity with this 
structure 

t XPbRIMhNTAU 

Solutions ol sodium nitroprusside wcie picpared m d.uk and kept in a lefiigerator when not in 
use Irradiation was done with unhllercd light fiom a Philips nieieiirv discharge lamp For measure- 
ments of pH and pH-titrations, a Beckman Zcromatie pH-meter and Beckman glass electrodes (Cat 

S AsprRCitR, 7/17/1? raraday Sue 48,617 (1952) 

'■'A G MacDiarmid and N F Hah,/ 4/'ie< Chem Sue 7.5, S204 ( 1951) 

L Paulino, / Amer Chem Sm 53, 1225 (1931) 
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No 4126J) wLPc used Nitroprussic asid was prcpaicd by peisolating solutions of sodium nitro- 
prussidc Ihroiigli beds ol Ihe sUong acid lon-cxchangcr, Ambcrlile IR-120(H) 

RISULIS AND DISCUSSION 

In sharp contrast with what has been found with the hexacyanides, the pH of 
solutions of sodium nitroprusside falls, instead of rising, on irradiation with U V 
light (ciir\c a. Fig 1) If irradiation has not been far too prolonged, the change is 
photoicveisibic in the sense that, on cutting off the light, the pH rises and tends to re- 
attain its original value (curse b. Fig I) The reversal of pH is a very much slower 



1 lo ] LITcct of II radiation on the pH of solutions of sodium nitroprusside 

process than the fall in pH found duimg irradiation Secondary reactions set in on 
prolonged irradiation and the solution becomes dark blue, or even, black The pH 
change, then, is no longer photoreversible 

pH-titrations (with bases) of the solutions immediately after irradiation, and 
before secondaiy reactions set in, revealed the presence of a weak acid The amount 
of this acid, indicated by an inflexion in the titration curve, increased with the duration 
of irradiation and tended to reach a limiting value which corresponded with two 
equivalents of alkali per mole of nitroprusside (Fig 2) 

It appears that the primary reaction is one of a photolysis of the nitroprusside ion 
which has the structure, [Fc-'(CN) 5 NO']- , and gives on photolysis NO*^, the latter 


then hydrolyses 




[fe2'(CN)5NO'f- 

-V [Fc(CN)5]*- + NO' 

(4) 

NO' 1 

H,0 

V 2H' q~ NO,*^ 

(5) 

Other reactions which then take place arc the following 


Fe(CN)5'>- 

1 H,0 

— > Fe(CN)5H,0’- 

(6) 

Fe(CN)5Hp'> 

+ H' 

(H[Fc(CN),H.,0]}2- 

(7) 

or. 




[Fe(CN)5]’- q 

■ NO.,- 

— ^ [Fe(CN),NO.,]«- 

(8) 

[Fc(CN)5N02]'‘ 

F 2H' 

^ {H.,[Fe(CN) 5 NO,]f 

(9) 


Reaction 5 would not only explain the fall in pH observed on irradiation but would 
also account for the fact noted above that, in the limit, two equivalents of alkali per 
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nitroprusside 

Fi(, 2 pH-litralion curves of irradiated solutions of sodium nitroprusside 

mole of nitroprusside are used up by the (weak) acid produced as a result of irradiation 
Any one of the species [^H[Fe(CN),Hp])- and (Hj[Fe(CN) 3 NO,]]“-- or, both of 
them, could be this acid 

The alternative primary leactions 

[Fc(CN) 5 NO']--— V [Fe(CN),NO ]- • CN-, (10) 

[Fc'^'(CN)^NO'F — > [Pc'* (CN)5P- no, (11) 

and [Pc' (CN)5N0]2--->- [Fe'^ (CN) 5 P- -! NO (12) 

arc ruled out on the following giounds (a) Reaction (10) would cause a rise in pH 
as a result of hydrolysis of (CN) , (b) NO produced according to (11) and (12) 
would escape in the atmosphere as its solubility m water is very low, also, the 
solution containing dissohcd oxygen, (he NO would be oxidised to NO,, in which 
case the observed photoreversibility could not be accounted for On the other hand, 
with reaction (4) as the primary reaction, the following mechanism would readily 
explain this photoreversibility 

[Fe(CN)r,Hp]'* I NO.- , 2H' ► [Fc(CN),NO]' 2Hp (13) 

[Fe(CN)5NOJ‘ J 2H' -^[Fc(CN)5NO]-' , H.O (14) 

Reactions (13) and (14) should be slow as they requiie seveial species for the 
formatton of the transition state complex This seems to be the reason for the pff 
being restored very slowly after the light has been cut ofi 

When nitroprussic acid, prepared by the ion exchange method, is irradi,\ted with 
ultra-violet light, reactions similar to those taking place m the case of sodium nitro- 
prusside, occur Only, the secondary reactions set m sooner in the acid than in the 
salt solution. The pH of the acid solution is already quite low (ca 2 0) and as is to be 
expected, no further fall in pH is observed when the weak acid, (H[Fe(CN) 5 HjO]]- 
and/or (H 2 [Fe(CN) 5 N 02 ]i^”, is formed by the action of the light 
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That a weak <ieid is indeed formed as a result of irradiation is elearly seen on 
making pll-titi ations Bcfoie iiiadiation, nitroprussic acid titrates as a strong acid 
Its pH-litiation ciiive (a in fig 3) has one flat segment followed by a sharp inflexion 
Aftei iiiadiation, two segments and two inllexions appeal (cuivc b. Fig 3) Up to 
the lust mnexion, the (stiong) niti opn iissie acid is neutialiscd Between the hist and 


90 

70 

I 
0- 

50 

30 

10 

ESutvaltnts of KOH p«r mole of ni t rop russi de 

M(. t — pll'titiaiioii eiirvcs ol niiiopiussic aeid belore (a) and after (b) iiiadiation 

the second inflexion, a weak acid titiatcs with the btisc The pA' of this weak acid is 
about the same (ca 8 0) as that of the (weak) acid which is produced by the ii radiation 
of the sodium niliopiussidc solutions The acidic species appear to be the same in 
each case vi7 , jH[Fe(CN)-,H/)]p- and/or |IIiFc(CN),NOJl- 

Thc nature of the secondary leactions is rather uncertain and it is difficult to 
suggest a definite nicchamsm, the more so, as the instability constant of the nitro- 
piussidc ion is not known U is possible that some dissociation of the anion takes 
place to give Fc-' ions, paiticularly, at the low pH of the mtroprussic acid Since 
nitiite ions arc also present in the system some ferrous nitrites may be formed and this 
may be the cause of the blue black colour of the solution marking the incidence of the 
sccondaiy reactions 
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’ll oqornij rii’r r ot'd ntfofion M 

I n. 2 C haiigt* in ai-idity ol ini;.inn. phase on cMiaelion ot uranium (VI) with 0 1 M 
OIJII’A 111 kcrostin. ( in iIk picseiKC o( iiraniiiin, A nr lliu absence ol uranium) 

but ineieases steadily witli increasing at|ueous acidity o\ei the whole laiige Below' 
3 M the change in acidity of the organic phase is analogous to that foi extraction from 
sulphuric acid solution,*’' but at higher acidities it is presumed that nitric acid is 
extracted into the organic phase togcthci with uianyl nitrate as in the case of TBP ”” 
In Older to conlirm this conclusion the extraction of acid fiom 6 M nitric atid w-as 
studied at varying DhHPA concentiations at 20 X’, with the results shown m Fig 3 
The slope ol the ime is nearly unity (1 I). and since DFHPA is predominantly piesent 
as the dimei m the organic phase this implies that each dimeric DFHPA combines 
with one molecule of nitric acid by the following re.iction 

UNO, (a) I (HX),(o);^ HNO,(HX),(o) (9) 

From Fig 2 we may compare the change in acidity in the oiganic phase with the 
organic phase uranium concentration In the absence of any other reaction in the 
organic phase two hydrogen ions are exchanged for each uranyl ion at low nitiic acid 
concentrations, while one molecule of uranyl nitrate will displace two molecules of 
nitric acid extracted into the organic phase under suitable conditions at higher nitric 
acid concentrations It was found that below 3 M HNO, change in acidity in the 
organic solution corresponded approximately to twice the organic phase uranium 
concentration, and was less than the latter at above 3 M This confirms that DEHPA 
extracts uranium by an lon-exchange mechanism at low aqueous acidities, at higher 
acidities the extraction by DEHPA is more complicated than that with TBP,”®' since 
the lon-cxchange reaction also occurs to some extent 

T Saio, y /nmt,' Nm! Cfwm 9, 188 (1959) 

B F ORFFNi III r> and C J Haroy, y Jnorff Niul Cheni 21, 359 (1961) 

'■“'T V HFAivandH A C McKay, Tram Faraday Soc 52, 633 (1956) 
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THE THERMAL DECOMPOSITION OF METAL 
COMPLEXES-^VH 

A THERMOMAGNETIC STUDY OF THE Co(Ill) --> Co(H) REDUCTION 
IN COBALT(Ill) AMMJNE COMPLEXES (1) 

W W Wenolandi and J P Smith 

AEOSR Centre for Molecular Research Department of Chemistry, 

Texas Technological College lubbock, Texas 

(ficu-aedn \faiilt 1963) 

Abstract -The Co(Tll) - » Co(ll) reduction reaction was studied by means of a high temperature 
(.ioiiy magnetic susceptibility apparatus fe>r the complexes [CotNH )rJXi (X = Cl, Br I and MOj), 
[Co(NH,)„],(SO,),2 5H,0, (CotNtD.H^OJXj (X Cl, Br, J, and NO^), [Co(NHi),XJX, IX Cl, Br 
I, and NO|), and [Co|NH 3 ),,X]Y 2 (X and Y may be Cl, Br and 1) Minimum reduction temperatures 
were in the 100-200 temperature range with most ot them in the lSO-200" range The curves for 
[Co(NTIi).,Brll 2 >tnd [ColNIDsCI]!.. had a pronounced break at 193 and 185 , respectively Two 
possible reduction mechanisms arc indicated for these two complexes 

The theinial dissociation of a number of cobalt (III) ammine complexes has 
previously been studied in this Laboratory Thermogravimetric analysts (TC3A), 
differential tlicinial analysis (DTA), gas evolution analysis (GE), and the stoichcioni- 
ctry foi the thermal dissociation of [Co(NHj),,]X, (where X - Cl, Br, T. and 
[Co(NH,).USO,),.‘-' [Co(NH,)-,X]Y, (where X and Y may be Cl, Br, and !),'« and 
[Co(NH,)sHjO]X, (where X Cl, Br, L and have previously been reported 

The terminal cobalt compound in all of these studies was either the cobalt (11) 
halide oi sulphate or cobalt (11, III) oxide, CojO, Since the initial complexes con- 
tained cobalt (III), it is obvious that a reduction of the cobalt ton took place during 
the thermal dissociation icaction The nature of this reduction step is not very well 
understood It has been shown that the reducing agent can be either co-ordinated 
ammonia or co-ordinated or ionic iodide ion Etsr complexes containing ammonia, 
but no iodide or nitrate tons, the dissociation stoiclieiomctry ts 

6 [Co(NH 3 )JXj(s) 6 CoX/s) - N_,(g) 6 NH,XN) f 2SNHj(g) 

Likewise, for [Co(NHj)r,X]Y_. compounds not containing iodide, the reaction is 
similar to that above, or 

6 [Co(NH,)r,X]Y,(s)^^ 6 CoY_,(s) ' bNH^XIs) 22NH,(g) N.(g) 

However, for iodide containing complexes, [ColNH^l-.XJU, the reaction is 
2fCp(NH,).,X]L(s)^CoX,(s) , CoU(s) l.(g) i lONH,(g) 

The reducing agent for those compounds containing both ammonia and an oxidizing 
group such as the nitrate ion is not known These complexes explode when heated 

For Part (VI) see XV W XVt nplandt and J P Smith J Inon; \u<l (hem 25,833 (1963) 

W W Wendlandt, y Nud Chern 25, 545 (196 3) 

W VV Wfnulandi and J P Smith, y Jnoig Nucl Chcm In press 
W W Wlndlanut and t L Biar, y Pins Chcm 65, 1516 (1961) 
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and the resulting reaction must be moie complicated than for those complexes 
containing only halide or sulphate ions 

The cobalt (111) atnmines aic diamagnetic due to a i/'’ electron configuration in a 
spm-paired cl~ octahedial structuic On reduction from Co(III) ->Co(ll), the 
cobalt (11) ion has a t/' configuration with thiee unpaired electrons so that it is para- 
magnetic *'’> 'fhus. it should be possible to study the reduction of the Co(in) ion in 
the complexes by measuring the magnetic properties of the compounds as a function 
of temperature In this manner, the reduction reaction may be obseived even though 
there are other simultaneously occiiiring leactions such as loss of ammonia, sub- 
Imuition leactioiis, and so on 

PXPhRIMt N FAL 

PipjHiiali(>in>l complfxi<! The complexes studied were ihe same compounds that were used for 
ihc prcMous investigations'- ” except for the dquopcntamrninc-complexes These were prepared 
aecording to previous methods 

fiip/t tempt! ature mapnetu xustcptibihty appmatus A high temperature Gouy magnetic suscepti- 
bility apparatus was employed whieli consisted of an automatic recording Sartorius single pan 
balance, Mode! No 2503, an Atomic I.aboratoiics aluminium loil-wound cicctiomagnet, and a 
suitable d c power supply The recording balanee output was recorded on a Westronics 0 5 mV 
slrip-ehart polentiomclnc recorder whose full stale span corresponded to a 10 mg sample weight 
tliangc The sample was scaled into an evacuated glass lube, 5 mm in diameter by 34 cm in length, 
and suspended by a plaiimim wire from the balance pan The lurnace consisted of a Pyrex glass tube. 
2 0 cm in diameter by 1 5 tm in leitgllt, wound with enough Niehrome resistance wire to give a total 
resistance of about 15 li The entire assembly was well insulated with asbestos paper to protect the 
magnet pole faces I he furnatc power supply has been picviously described 1 he temperature of 
the lurnace was measured by a chromcl-alumel thermocouple located m the centre ol the luinacc near 
the glass sample lube The thermocouple output was recoided on another Weslronics siiip-ehait 
potentioinctrie recorder whose than paper drive was synchronous with the balanee recorder 

Fhc procedure lor a run consisted of the following About 70-80 mg of sample was mixed with 
70-80 mg of previously ignited aluminium oxide and placed into the sample tube The purpose ol the 
alumina was to picvent any drastic changes of sample density due to the lusion ol the sample or 
sample dctomposition products The sample tube was then evacuated to ---I mm, sealed off at the 
top, and suspended in the furnace Alter adjusting the magnetic neld to about 8,000 Gs, the heating 
cycle ol the lurnace was begun and the change in weight of the sample recorded The usual weight 
change of the sample during heating was 8-10 nig A healing rate of about 5 C per mm was employed 
from ambient to 500 C At least duplicate runs were made on each compound 

No attempts were made to calculate the specific or molar magnetic susccpubilitics for eacli of ihc 
complexes since it was the change in magnetic susceptibilities for each of the complexes with tcnipcra- 
tuic which was desired Besides, due to the small density changes caused by the thermal dissociation 
process, It would not have been possible to calculate these cjuantitics for the products 

RESULTS AND DISCUSSfON 

The thermonidgnctic curves of the complexes are given in Figs 1-4 

The change in the magnetic susceptibility of (Co(NH,)b]Xj(X =-= Cl, Bi, l.andNO^) 

R W Asmussln, “Magnetokcmiske Undcrsogciser ovci Uorganiskc Komplcksforbindelser”, 
Gjellerup Forlag, Copenhagen, 1944 

B M FkjGis and J liwis, Moclern Co-ordination Chemistry (Edited by J Lewis and R G 
WiLKENs) Chap 6 Intersciencc, New York (1960) 

'"'A KmijP'Jnorpamc PrLparalw/ii", pp 103 and 106 Van Nostrand, New York (1936) 

H Diehi, H Clark and H H Willard, Inorpanic Syntheses {Ediicil by H S Booth) VoI 1, 
p 186 McGraw-Hill, New York (1939) 

"" F Basolo and R K Murmann, Inorganic Syntheses (Edited by J C Bailar) VoI 4, p 174 
McGraw-Hill, New York (1953) 

(lu) yy ^ Wfndiandt, y Chem Ednc 38, 571 (1961) 
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and [Co(NH.,X] 2 (S 04)3 2 5H_jO with temperature is given in Fig 1 Lxcept for 
[Co(NHj)^](NOj)„ the reduction reaction, Co(Ill) -> Co(ll), was a rather gradual one 
In fact, if the curves arc inverted, they look similar to the thcimobalancc weight-loss 
curves obtained for these complexes The nitrate complex, due to the explosive 
nature of the dissociation reaction, showed an abrupt change from diamagnetic to 
paramagnetic character 

The curve for [Co(NHj)^]CI) indicated that the reduction of the Co(lll) ion began 
at about 173'’, somewhat lower than the leinpcralure at which Iheimal dissociation 
began as determined by DTA studies Howcvci, this difference may be due to the 
differences in sample heating rates or to the nature of the sample holder itself The 
minimum reduction temperature is also lower than the thermal dissociation tem- 
peratures reported in an ammonia atmosphere Accoiding to the latter report, the 
dissociation of the chloride proceeds through an intermediate, [Co(NHj)r,Cl]CF On 
further heating to 250“, it decomposes to give CoCl^, N,. NH^Cl and MHj It is seen 
that this intermediate is not formed undei the conditions of this experiment since 
fCo(NH j)r,CI]CI, should also be diamagnetic From the curve it is seen that the 
reduction reaction may possibly lake place through two steps The first step, from 
173 to 250 ', IS a slow one followed by a very rapid reduction fiom 250 to about 285 ' 

The thermomagnetic curve for [Co(NH 3 ),,]Br, was similar to that of the chloride, 
except that the reduction of the Co(lll) began at about 168’ and was completed at 
278 At 278’, the sample was a dark blue colour which turned to green on further 
heating to 400“ The latter green compound is probably CoBr^ Similaily, the curve 
lot [Co(NHj)o]rj indicated a gradual icduction leaclion fiom 140 to 255 The curve 
for [Co(NHj),,]j(SO,)j 2 SH^O showed that reduction began at about 166' and was 
completed at 345’ The fust step in the reduction curve was somewhat longer than 
was found for the chloride or bromide complexes 

The thcimomagnctic curve for [Co(NH,)i,KN^C)jli showed that the reduction 
reaction began at about 190’ It became very rapid at 215’ and was completed at 
about 220’ This is in fairly good agi cement with the DTA cuive for the thermal 
dissociation icaction 

The change in magnetic susceptibility for the [Co(NH,),H,0]Xj (X Cl, Br, I, 
and NOj) and [Co(NH,)-,X]X_> (X ^ Cl, Br. I, and NO,) type complexes arc given in 
figs 2 and 3 There should be little dilleience between the curves for the aqiio- 
pentammme- and the anionopentammine-complexcs for a given anion because the 
anionopcntamnnne-complex is first foimed by the deaciuation reaction 

[Co(NH,),H,0]Xj V [Co(NHj),X]X, 1 - H,0 

This was indeed found to be the case The minimum reduction temperatures were 
[Co(NHj)r,H,0]Cl„ 178“, [Co{NH,)-,Cl]Cl., 17.5“, [Co(NH,\H,0]Br„ 162 . 

[CoINHaj^BrJBra, 167°, [Co(NH,),Hp]f„ 84’, [Co(NH,),l]I,. 83’. [Co(NH,)-,H,0]- 
(NO,)j, 187°, [Co(NHj),(NO,)](NOj)», 185’ Eveept foi the iodide complexes the 
minimum reduction temperatures were similar to those found for the [Co(NHj)g]X,t 
series of complexes 

The magnetic susceptibility curves for [Co(NH,')^H>0]Clj and [ColNH^I^CljCl,, 
‘igain showed a possible two step reduction of the Co(.lII) ion as was indicated for 


‘"W Biltz, Z Anor^^ dwm 83, 177 (1911) 
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[Co(NHj),,]Clj This two step reduction was not so evident from the bromide curves 
The remaining magnetic curves for the anionopentammme-complexes are given 
in Figs 3 and 4 These complexes were of the general formula, [Co(NH 3 ) 5 X]Y 2 , in 
which X and Y may be Cl, Br, and I 

The curves for [Co(NH ,)r,CI]Br, and [Co(NHj) 3 Br]Clj were similar to those found 
foi the corresponding anionopcntamminc complexes in which the anions in both the 
loni/ation and co-oidination spheres weic identical For all of those complexes 
containing iodide, either in the co-ordination or ionization spheres, the reduction 
reaction began at a much lower tempcratuie tlian for those not containing this ion 
This confirms the fact that the reducing agent in these complexes is the iodide ion 
In all c.ises, the vapor of free iodine was visible in the sealed tubes 

The minimum reduction temperatures for these complexes were [Co(NH 3 ) 5 X]Y^ 
where X and Y are Cl]Br,, 175', Br]CI,, 177% Brjia, 119", CI]F, 115'^ IJBr.^, 130% 
and 1]CI,, 135> 

The curves for [Co(NF[,)r,Bt]l, and [Co(NH,) 3 Cl]l 2 were similar in that both had 
a pronounced bieak at 193 and I85'\ respectively These breaks eame at about 50 
and 53 per cent respectively, of the total weight change for the complete reduction of 
Co(III) >- Co(in This would appear to indicate that the reduction was carried out 
in two steps by two different mechanisms, i e . by iodide ion or by ammonia 
Qualitatively, fiom the iodide vapour in the tubes at the lower tempeiatures, it was 
thought that the iodide ion was the reducing agent for the hrst step Thermal de- 
composition of a sample of [Co(Nl-%)-,Br]F, minus the AFO,, under the same con- 
ditions as 111 the magnetic balance, gave a residue which corresponded closely to the 
composition, CoBrl, ,i(N H ,), JF It seems probable that in the first step, the 
reduction is brought about by the iodide ion while in the second step, the reduction 
IS by iodide ion as well as ammonia The same type of intermediate compound is 
possible for [Co(NI-f 3 )jCI]r 2 although it was not isolated 

The curves foi [Co(NH iFIJCij and [Co(NH 3 ) 5 l]Brj showed continuous reduction 
from 130"-135“ to 238-257” 

Acknowk’Ji^'cnwnt — This work was supported by the U S Air Force OlTice of Scieiitihc Research 
through Grant No AF-AFOSR-23-63 The loan of the electromagnet from Dr R J Thompson is 
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THE EXTRACTION OF LANTHANONS WITH 
ALKALI METAL AMALGAMS— III 

STUDIES OF MODEL SYSTEMS 

M E Barrett, D Sweasey and N E Topp 
N ational ChcniiLdl Laboratories Teddington, Middlesex, England 

(Received 8 March 1963) 

Abstract — The extraction of the lanthanon elements with alkali amalgams has been examined Seven 
ol the lanthanon elements extract, and different elhciency sequences arc found The La-Nd group 
are extracted in the sequence Li Na K, while the Sm-Eii-Yb group extract in the order Na 
K Li Divalent ions are formed during the extraction of the last three elements, and, when ex- 
tracted from binary mixtures, these elements arc enriched in the amalgam phase 

The c m f of a number of lanthan amalgam cells have been measured They are all lower that the 
e m f of the corresponding alkali amalgam cells It is suggested that extraction is the sum of two 
opposing elTects, electrocheniical and h)drolytic The evidence suggests that the La-Nd group are 
reduced by a thrcc-clcctron reduction, while the Sni-Lu Yb group are hrst reduced to the divalent 
state 


In an earlier paper, the evtraction of aqueous solutions of some complex rare earth 
fractions with sodium amalgam was studied It was shown that samarium and 
ytterbium could be extracted in a reproducible manner by a simple batch extraction 
procedure The important variables controlling the efl'iciency of the extraction 
process were the samarium or ytterbium content of the lanthanon fraction and the 
acidity of the solution It was concluded that the extraction must be an electro- 
chemical process, although direct evidence for this was not obtained The systems 
studied were too complex to thiow much light on the mechanism of the extraction 
process 

Further work has been earned out using carefully purified rare earth m.atcrials 
Extraction experiments have been performed on the individual rare earths and on 
simple binary model systems Polarography of the rare earth elements has been 
rc-cxamincd and electrochemical measurements have been m.idc on a number of 
amalgam systems by static and kinetic methods 

This work has established that seven of the rare earth elements are extracted by 
alkali amalgams The reduction is eleclrochemical, and it is suggested that it is due 
to the sum of two opposing effects, electrochemical and h)drolytic The La-Nd 
elements appear to reduce by a three-clectron reduction, while Sm Eu and Yb are 
reduced to the divalent state before reduction to the metal 

FXPERIMLNTAL 

Materials All of the rare cdi th oxides used were ol V 39 9 cent purity W ith the exception of 
venum and europium, they were isolated by lon-cxchangc chroinatographv Ccrous salts were pre- 
pared from A R cenc ammonium nitrate This was reduced to the Cc’ siatc wiih a small excess of 
hydroxylaminc and precipitated with ammonium carbonate 

M F Barrett, D Sweasfy and N F Topp, 7 /n<«g Nm! Client 24,571 (1962) 
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Europium was purified by the icduetion and piceipitation proeedure of Me Cov Neutral aceiaii. 
stock solutions of the rare earth inaierials wcie piepaied (Appiox I N) All reagents used wcie ol 

A R quality 

Pu'iHii cilion df iinial'-^anis Soiliiim ami polassiiiiu amalgilnis weie prepaied by diieet addition, as 
desenbed in I'ail I I his method was unsuitable for the prepJialioii ol lithium amalgam, so it veas 
prepared b) the eleedolysis of the hydioxide using a me re'ury cathode Alkali metal amalgams were 
washed and slandardi/ed by methods desenbed prexiotisly 

I wo methods were used for piepaiiiig laieeaith amalgams Amalgams of the clemenis listed in 
J able 2 eould be piepjrcd by extiaeiion with a suitable alkali metal amalgam T he produels usually 
eemt.iined a small resniue ol alkali nielal which was removed by washing with alcoholic aeetie aeid 
1 he c 111 I ol die amalgam cell was a useful cnte-iion of purity 

A moiegeiieral method was to he'at mcreiiry and metal (obtained Iresm Johnson Mdtthey) tesgether 
III an esaeiiaied C,uius tube I he reaelion time varied with the metal Fight earth metals reacted 
eomplelely in (i hr ,ii 500 C but up to 48 hr was required by sonic of the heavy earths Iherc was no 
evidenee ol attack on the glass 

AhuImhuI ntdiitxis Spectroscopic ami spcetropliotometnc methods lor the analysis ot the rare 
earth elements were desei ihed in Part I Soduini determinations Were earned out by flame pliotom- 
e(ry, using a Beckman instrument I he cstiiiialion ol 7ine, and the polarographie behaviour of the 
rate e,irth elements wcie examined with a Carnbiidge polarograph (Type 1 Ci 2) fitted with the 
Univcelor dev lee 

/ xlKKtion pioadiiie The cxtiaetion experiments wcie eaiiied out in a U-tube apparatus ol the 
type desenbed in P.iit I A packed column was used in all cases The amalgams wcie discharged 
through a 1 mm diameter capillary at a tJow-iate ol lOOgs/iiiiii The lanlhanon inalei lal balanee was 
established giavinietneally, using oxalate piceipitalion 

In some expel inicnis, the hydrogen evolved eluiingextraetion wascstmialcd Fortius purpose, the 
extraction eoluinii vvas provided with a cone and socket jotnt holding a gas exit tube as well as the 
capillary used (or supplying soiliuni amalgam The hydiogen was passed thiougli a cold trap (COj- 
aeetorie) and then over heated copper oxide, the water was collected in magnesium peiehlorate and 
weighed The appaiatus was e<ilibrated by rcaetiiiga siaiidaid quantity ol sodium amalgam with 1 N 
hydrochloric acid 

tli'tfioc/uniical fcdiiiuiiu’x A small cell was eoiistiuctcd with a vertical capillary (I mm bore) 
which suppoi led an anulg.im drop acting as the cathode Frc'sh amalgam was supplied to this from a 
rcseivoir, the amalgam stufaee m the reservoir being protected wiih a layer ol dry alcohol The 
electrolyte was purged with argon To prevent cieep ol the eiccliolyic, the capillary was treated 
internally with a silicone 1 he cell was completed wiili a saturated calomel electrode Measurements 
on st.itie systems were made with a I’ye potentiometer and galvanometer 

f or measurements with kinetic systems, theamalgam feed was modihcd by incorporating a syringe, 
which made it possible to form fresh drops of sodium amalgam on the cathode of reproducible size 
(Tig 1) The change ol c ni f w ith time was lollovved with a Solaialron eiscilloscope Ihelinalemf 
eould be measuied polentiomcti leally 

THE EXTRACTION OF LANIHANON.S WITH AMALGAMS 

] Stoidieiometry oj ihe e\lrac lion ptoi ess 

In Part f, it was suggested that the extraction of lanthanoiis took place by the 
reaction 

Ln-*' ‘ 3Na-^Ln d 3Na' (I) 

or Ln'>' X Ln^' l- Na' — ► Ln i 3Na-^ (2) 

and that some sodium reacted with hydrogen ions in solution 

2Na f 2H^ ->2Nai | Ll,j (3) 

H N MtCoY, d Amer Chem Soc 57, 1756(1935) 

'''H N Me Coy, d Amcr Chem Soc 58,2279(1936) 
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The extraction of lanthanons with alkali metal amalgams — III 



kill I Amalgam 
electrode cell 


It was found that lantliaiion amalgams were stripped by passage through a column 
of hot hydrochloric acid ( -JtlO ’C 4 N) By using the method described abo\e. the 
hydrogen evolved during stripping was determined and compared with the lanthanon 
found in the extraction column (Table I, columns 2 and 3) ThelW'S were m excellent 
agreement, showing that lanthanons arc reduced to the metal in the extraction step 
Material balance during extraction was obtained m a similar way by comparing 
the sodium consumption with evolved hydrogen and extracted lanthanon A small 
amount of sodium was found in the lanthanum amalgam (2-3 per cent) and the 
result in Table 1 has been corrected for this In all cases, good agreement was obtained 
between sodium consumption, and the sum ot evolved hydrogen and extracted 
lanthanon (Columns 6 and 7) 


Txiilf 1 — Suiicuhomury of cxiRAf iion i'rouss 



Amalgam slrippmg 


fxlraeuon cxpcrimtnls 


1 anthaiion 

Fxtracted 

Evolved Hj 

Extraclcd 

1 solved (LiwOs ' It.) 

Added Na 


Ln.Oa(mg-cq ) 

(mg-eq ) 

Ln.Ojtmg-cq ) 

(mg-cq) (mg-cq) 

(iiig-tq ) 

Sm 

1 15 

3 n 

22 35 

7 0(1 29 4 

30 3 

Yb 

2 92 

2 94 

14 95 

16 04 310 

30 3 

I a 

2 98 

2 95 

4 05 

14 55 19 2 

19 1 


It Will be clear that such a method cannot dilTcrentiatc side reactions such as 2Lir^ 
I I H., or2Ln f 6H^~>2Ln='* i 3H.from2Na-: 2H ’ 2Na ‘ 

H, 

M F Barret r and N F Toi’p, / 4ppl Cheni 13, 7 (I96t) 
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IT The extraction of hint heinous with sodium amalgam 

1 roni stock solutions 0 5 N solutions of the lanthanon acetates, containing 0 5 N 
acetic acid, were prepared The pH of the solutions was about 4 0 Fifty-ml portions 
of these solutions were extracted with a dilute (0 I‘’„ w/w) sodium amalgam, using 
the method described m Part I The extraction curves are shown in Fig 2 

The amalgams of Sm, Ru and Yb are less stable than the other rare earth amalgams, 
and the amount extracted depended on the contact time of amalgam and solution 



Mequtv No/lOOtnl of lolution 

Fio 2 -bxtiaction of lanthanons with sodium amalgam 

Prolonged extraction caused a depletion of these amalgams by a back-extraction 
with hydrogen ions (Part I) The other amalgams arc more resistant to acidic attack, 
and essentially similar extraction curves were obtained with 50, 100 and 150 ml 
volumes of lanthanum acetate 

Seven of the lanthanon elements were extracted, forming two groups In the 
lanthanum-neodymium group, the extraction cITTcicncy (equivalents lanthanon ex- 
tracted per equivalent of alkali) decreased m a regular sequence It also decreased 
during the progress of extraction With lanthanum, about 20 per cent of the material 
initially m solution was extracted, decreasing to 7 per cent with neodymium In each 
case, one extraction was continued until just short of precipitation of the lanthanon 
hydroxide The pH of the extracted solution was above 6 0 in such cases. No colour 
changes were observed during extraction 

The three elements samarium, europium and ytterbium were extracted at a much 
higher efficiency. This was constant for the greater part of the extraction, but decreased 
after about 80 per cent of the elements had been extracted from solution The 





hic. 1 — Variation of mine acid in organic phase with Fie, 4 Variation ol partition 
DhHPA concentration on extraction t>f 60 M nitric coefficient with temperature on 
acid solution by DFHPA in kerosene in the absence extraction of uranium (VJ) from 
of uranium nitric acid solutions by 0 1 M 

Df HPA in kerosene ( and r, at 
0 S and 60 M nitric acid concen- 
liations respectively) oi I9"„ TBP 
in kerosene (V at 6 0 M nitric acid 
concentration) LOjlNOj),5g/l 

(cl) Icinpcialuie e/lL'ct\ 

I-fg 4 which includes data foi 19"„TBPin kerosene’"’ for comparison, shows that 
although the partition coeflicient decreases with increasing tempeiatuie. the variation 
in 6 M acid is greater th<in that in 0 5 M acid The heat of reaction (change in enthalpy) 
111 eouation (I) or (8) was estimated from these data to be 2 46 kcal/mole in 0 5 M 
HNO, and 4 72 kcal/mole m 6 M HNOj The heat of the reaction”-' 

UOjMa) I 2NOj-(a) f 2TBP(o):^ b'0.(N0,). 2TBP(o) (10) 

was found to be 3 69 kcal/mole in 6 M HNO, The heal of reaction for the extraction 
ot uranium by DEHPA at higher nitnc acid concentrations is therefore close to that 
for TBP. but IS larger than that for DFHPA at low acidities 

(e) Iiifia-icd spcctia 

Organic phases were examined from the extractions of iiranyl nitrate solutions 
(3 and 25 gd ) at diderent acidities into 0 I M DFHPA in kerosene at 20 C Similai 
experiments were can led out m the absence ot uranium Data for the higher concen- 
tration of Liranyl nitrate aie presented in Fig 5 

Spectra of DFHPA in keioscnc show the P O fieqiiency at 1230 cm ' OH 
stietching bands at 2680 and 2350 cm which arcattribulcd to theforniation ot dimei, 
and the OH bending band at 1690 cm ‘ Although the spectra from 0 15 and ! 0 M 

T Saio, y //,mg Niui Chem 6, 334 (1958) 

R 1 MooKt U S A F C Rcpoit, ALCD-3196 (1951) 
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extraction efficiency again decreased m the atomic number sequence Quantitatively, 
extraction was incomplete, although more than 90 per cent of each element was 
extracted Colour changes were observed during the extraction With samarium, 
a faint red colour appeared which disappeared immediately the flow of amalgam was 
stopped Europium gave a pale yellow colour, and ytterbium a bright orange, these 
colours persisted for several minutes after stopping the amalgam flow Formation 
of the Eu^+ ion was proved by comparing the absorption spectrum of a typical 
extract solution with an authentic solution prepared with a Jones redactor 
(3, loc cit ) The formation of Yb'^^ during extraction has already been proved 
(Part J) It is probable that the Sm- ion was formed during the extraction of samarium, 
but Its extreme instability made a simple proof impossible 

None of the other lanthanon elements, or yttrium, was extracted The detection 
limit was I mg or 0 05 per cent of the lanthanon solution extracted 

The effect of varying the solution acidity was examined with lanthanon and 
samarium Solutions of 0 5 N lanthanon containing 0 25 N or 1 N acetic acid were 
extracted More efficient extraction was obtained Irom the less acidic solution The 
efficiencies were 30 per cent and 18 per cent for lanthanon, and 73 and 63 per cent 
foi" samarium respectively 

HI. The extraction of lanthanons nith potassium and lithium amalgams 

These were earned out under identical conditions to those used for the sodium 
extraction, the alkali metal amalgams had similar molalities to the sodium amalgams 
It had been expected that these more electropositive amalgams would extract 
more ol the lanthanon elements, but in lact only the same metals were extracted 
These were, however, a number of differences in behaviour, which are summarized 
m Table 2 Overall efficiencies are given for the I.a-Nd group The initial efficiencies 
were greater, but the same sequence followed For the otlicr three elements, the 
efficiency is the slope of the linear part of the extraction curve 

Tabic 2 -txTRACTioN oi lanihanon solc- 
noNs (0 5 N) WITH 0 04 molai amai cams 


nxtraclion efliticncyf",,) 


Lanthanon 

— 

— 

— 


li 

Na 

K 

La 

38 

21 

17 

Cc 

-- 

13 

8 

Pr 

31 

13 

14 

Nd 

23 

7 

s 

Sin 

45 

66 

50 

Lu 

41 

50 

50 

Yb 

25 

47 

37 


for the lower lanthanons, from lanthanum to neodymium, the most efficient 
extraction was obtained with lithium, and the sequence was Li ' Na K Samarium, 
europium and ytterium, were again extracted more elficieiitly than the lower lanthanons 
but a different sequence Na '• K. ' - Lt was found 

The reactivity of the three alkali metal amalgams to the hydrogen ion was com- 
pared by determining the alkali consumed when treated in an extraction column with 
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a sodium acetate bulTer (0 5 N, initial pH 4 20) With 0 04 molal amalgams, no 
difierence in leactivity was observed 

IV /: \trcu lion of /ant/iiinons in piesence of alkali metal ions 

Since alkcdi metal ions Irom the amalgam accumulate in the aqueous phase during 
an extraction, it was of interest to examine the effect of adding the appropriate 



metal cation to the lanthanon solution The solutions examined were identical with 
those examined in section II and III, with the addition of appropriate quantities of 
alkali metal chlorides The following were examined La, Nd, Sm, Eu and Yb 
Addition of up to 2 N sodium chloride had no effect on the extraction of samarium 
and europium With ytterbium, little effect was found until the sodium concentration 
reached 2 N, but thereafter there was a substantial decrease in extraction efficiency 
Considerably larger effects were observed with lanthanum and neodymium With 
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solutions of these two elements containing 2 N sodium chloride, 7 5 per cent of the 
lanthanum and 1 5 per cent of neodymium was extracted, compared with extraction 
of 20 and 7 per cent respectively in initially sodium-free solutions These results are 
summarized in Fig 3 

V The ejject of solution and amalf^am concentration on e\lraction 

In earlier work (Part I), it was observed that less samarium or ytterbium was 
extracted from dilute than from concentrated solutions This effect was investigated 
in more detail using La, Sm and Yb, the lanthanon acetate acetic acid ratio was 1 1 



K „ N J ' 1 1 L> 

tiG 4 — 1 tfcct ol solution .ind amalgam concentration on cxtraLtions 


The simplest behaviour was obscrxed with lanthanum Reducing the solution 
concentration to 0 25 N with a 0 1 per cent sodium amalgam, halved the extraction 
efficiency Similar large decreases m efficiency were found when a 0 5 N solution was 
extracted with more dilute amalgams (0 02'\, NaHg 9'’,,) With samarium solutions, 
the extraction became less efficient on dilution (from 66 per cent m 0 5 N solution to 
30 per cent in 0 1 N solution), and the total lanthanon extraction decreased from 
95 to 80 per cent Very little effect was observed when the amalgam concentration 
was varied from 0 1 to 0 02 per cent, which confirmed the behaxiour observed with 
complex samarium fractions 

The extraction of ytterbium foliow'ed a similar pattern on dilution Unlike 
samarium, however, the extraction of ytterbium was affected by the amalgam con- 
centration If this was lower than 0 05 per cent, extraction was less efficient, it 
was also increased, m the more concentrated solution, by use of more concentrated 
amalgams These results are summarized in Fig 4 

In a number of these experiments, the change m sodium concentration in the 
amalgam phase was followed by flame photometry With samarium and ytterbium. 
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less than 1 per cent of the sodium remained in the amalgam phase until the extraction 
efficiency decreased The amount of unrcacted sodium then increased rapidly 
Dificrent behaviour was found with lanthanum Even in the early stages of extraction, 
about 2-3 per cent of sodium was present in the amalgam phase and this increased 
steadily during the progress of extraction 

VI rhe eMnu lion of hnuny mnliires of lanllianons 

I he lanthanon elements form three groups in their behaviour towards alkali 
amalgams La, Ce, Pr and Nd extract with moderate efficiency, Sm, Eu and Yb 
with high clliciency, and the remainder do not extract Model systems were examined 
from these three groups 

(a) r/ie cfcLt of iion-e\li(u tahle lanthanon', Erbium was selected as a typical non- 
cxtractablc lanthanon Binary mixtures w'crc prepared with samarium or ytterbium 
total lanthanon and free acetic acid concentrations each being 0 5 N, and extracted 
with 0 I per cent sodium amalgam The extraction curves are compared in Fig 5 



Mg-fqoiv No (as No -Hg) 

Fig 5 — Effect ol erbium on extraction of samarium and ytterbium. 

With those obtained with samarium and ytterbium The extraction efficiency was 
less than could be accounted for by dilution of the extractable element, and material 
balance experiments showed that the sodium consumption was complete 

The reactivity of the three alkali amalgams to non-extractable lanthanons was 
compared 0 5 N solutions of yttrium and holmium acetate (pH 4 0) were treated in 
columns with 0 04 molal amalgams. Somewhat less metal reacted than m experiments 
with sodium acetate buffers, but a trend in reactivity was found in each case Lithium 
reacted more readily than the other two amalgams, the sequence being Li > K > Na. 

(b) Mixtures oj extractable lanthanons Binary mixtures of lanthanum with Sm 
or Yb were extracted similarly The behaviour of the solutions was intermediate 
between that of the components. Samarium or ytterbium were enriched m the 
amalgam phase (Table 3) If other elements from the La-Nd group were taken, 
the samarium content of the amalgam increased progressively The addition of 2 N 
sodium chloride effectively eliminated the extraction of neodymium 
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TaBLF 3 — Ex TRAC TION OF HINARY MlXIURtS OF LANTHAVONS WIIH SODIUM AMALGAM 



La Sm 



La-Yb 



Ncl-Sm 


Sm in 

Amalgam, 

La in 

Yb in 

Amalgam. 

La in 

Sm in 

Amalgam, 

Nd in 

solution 

mg-eq 

extract 

solution 

mg-cq 

extract 

solution 

mg-cq 

extract 

i\) 

Nd 

("o) 

<?;,) 

Na 

(?„) 

(?.,) 

Na 

<“o) 

50 

168 

18 

75 

17 1 

12 

50 

17 7 

06 


32 7 

19 


38 6 

12 


31 

09 


41 2 

25 


50 6 

14 


71 

3 5 

25 

140 

42 

25 

22 6 

39 

t 

71 

0 5 


24 2 

42 


45 1 

33 





30 3 

37 


644 

31 





I i 2 N NaCI 


(c) Mixture"! oj readily extrac led lanthanonx The elements Sm, Eu and Yb form a 
separate group Solutions of pairs of these elements extracted at efficiencies of the 
order of 50 per cent, and their behaviour appeared to be additive In all cases the 
composition of the extract was in good agreement with the original mixture, showing 
that these elements cannot be separated by amalgam extraction (Table 4) 


Table 4 - Extraction of binary mixu'res of i aniiianons with sodium amalgam 



Sm-Eu 



Sm -Yb 



Eu-Yb 


Eu in 

Amalgam, 

Eu in 

Yb m 

Amalgam, 

Yb in 

Eu m 

Amalgam, 

Eu in 

solution 

mg-cq 

extract 

solution 

mg-eq 

extract 

solution 

mg-cq 

extract 

r,„) 

Na 

(M 


Na 

(“„) 

("o) 

Na 

CJ 

50 

15 8 

47 4 

25 

27 1 

28 5 

46 

158 

40 1 


31 6 

48 5 

50 

11 3 

50 3 


31 6 

45 5 


67 8 

49 5 


18 1 

49 6 


54 3 

40 5 





40 7 

49 9 







75 

27 I 

74 5 





V 1 1 The e x fraction of divalent europium 

The europous ion is the most stable divalent lanthanon lon in aqueous solution 
The acetate was prepared by using a Jones rcductor, aliquots were removed for 
determining the Eu^*^ content of the solution lodometncally,*'* and the ?inc content 
was determined on the polarograph * Extraction was carried out w ith sodium amalgam 
and to obtain material balance the evolved hydrogen and change in zme concentration 
were also determined The results are shown in Table 5 Before extraction, all 
solutions contained '^95% Eu-' ion 

The maximum hydrogen evolution was less than 2 per cent ot the sodium used for 
extraction Disregarding the co-extraction of zinc, the europous ion was extracted 
with an efficiency of 80 per cent. Eu®' extracted at 50 per cent efficiency Similar 
large increases of efficiency were found when the divalent salt was extracted with 

* When passed through a Jones reduclor, slightly acidic europnim solutions (pH 4) pick up 
somewhat more than the stoichciomctric quantity of zinc required by the reaction 2 EiE • Zn -*• 
2biE' I Zn*‘ 
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lithium or potassium amalgam The amount of zinc extracted in the three cases was 
in the electrochemical secjuencc Li K Na 


Tahh “i Exirac iion oi divai i nt eurorium with sooium amai gam 


Amalgam 

Ell- cxlraclcd 

Zn-' exir.iLted 

Evolved Hi 

t u 1 Zn 1 H , 

ing-Lq Na 

(mg-eq ) 

(mg-cq ) 

(mg-cq ) 

(mg-eq ) 

1 T OS 

10 85 

t 75 

0 1 

12 7 

26 1 

20 83 

5 03 

0 4 

26 25 

30 0 

23 87 

4 7 

0 6 

29 17 


When an ctjuivalent quantity of /me was added to a tcrvalent europium solution, 
no change was found in the extraction clliciency of the europium The addition ot 
erbium (0 25 N) to an Fu-' solution caused no additional hydrogen evolution, and 
appeared not to affect the extraction However, the additon of a similar quantity 
of lanthanum increased liycirogen evolution to 25 per eent ol the sodium consumed, 
the two elements being co-c\tracted The amalgam phase was enriched in europium 

FLIC TROCHE MICAL MEASUREMENTS 

] Pokiio^itijihy 

The redox potentials of f u, Yb and Smare well established by the work of McCoy, 
Laiiintn and Glo( ki er “ ’’ The mam interest centred on further reduction steps 
of the iaiithanon elements Measurements were made on dilute (I mmole/I )lanthanoit 
solutions, m an 0 I M tetra-ethyl ammonium iodide supporting electrolyte Gelatin 
was used as a maximum suppressor, and the pH of the solutions were adjusted m 
the range 3^ 

All further reduction steps were in the range from 1 6 to 1 8 V (hydrogen scale), 
and w'ere very close to the breakdow'ii voltage of the base electrolyte Jt proved 
impossible to measure them with precision either by dnect or derivative polarography 

II The potential oj amalgam celh 

The e m f of a number of alkali amalgam and lanthanon cells was measured, 
using the cell shown in Fig I The types of cell examined were Na-Hg/NaOH/Hg-Hg 
Cl and Ln-Hg/Ln(OAc),/Hg-HgCI Neutral lanthanon acetate solutions formed the 
electrolyte in the second type of cell The e m f of the amalgam cells was stable and 
could be reproduced satisfactorily, lanthanon amalgams, prepared by wet or dry 
methods agreed within 20 mV A measurement was made on an Eu-+ solution. This 
was prepared with a Jones redactor, and the cell electrolyte also contained 0 5 N 
Zn(OAc)^ The results arc summarized in Table 6 

The e m f values in column 5 are related to the standard potentials of the alkali 
metals and the rare earth metals Values for the lanthanons are all lower than the 
alkali metal potentials, including the two “non-extractable” materials holmium and 
yttrium The c m f of the tcrvalent lanthanon cells are all lower than the reduction 
steps observed by polarography 

H N McCoy, y Amer Cheni Soc 58,1577 (1936) 

H A I aitinln, y Amer Chem Soc 64,1133 (1942) 

A Timnick and G Glockllr, y Amer Chem Soc 70, 1347 (1948) 
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Amalgam 

Amalgam 

Electrolyte 

Cell e m f 

Amalgam 

concentration (w/w) 

molality 

(1 N) 

(V) 

LiHg 

0 010 

0 0412 

LiOH 

2 28 

KHg 

0 172 

0 044 

KOH 

2 II 

NaHg 

0 100 

0 0415 

NaOlf 

2 09 

LaHg 

0 087 

0 0051 

1 a(OAc), 

0 81 

Cellg 

0 no 

0 0064 

Cc(OAc)3 

1 04 

PrHg 

0 085 

0 0049 

PrtOAc), 

0 74 

NdHg 

0 087 

0 0052 

NcKOAc), 

0 69 

SmHg 

0 015 

0 0055 

SmtOAclj 

1 80 

HiiHe 

0 018 

0 0056 

EuIOAOj 

0 75 

EuHg 

0 lOl 

0 0058 

Eu(OAc), 

1 10 

YbHg 

0 120 

0 0061 

Yb(OAc)i 

1 52 

Holfg 

0 093 

0 0050 

Ho(OAc)., 

1 07 

YHg 

0 085 

0(X)75 

Y(OAc)i 

1 28 
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JII Potential (hanger oj amalgams during extiui. turn 

The cell just described was used, with a sodium amalgam cathode The changes 
of e m f with time were followed with an ostiiloscopc In this case, the pH of the 
lanthanon electrolyte ( 1 N) was adjusted to 5 0 to prevent excessive hydrogen evolution, 
which produced much “noise” on the oscilloscope trace 

The behaviour of the groups of lanthanon elements are illustrated in Fig 6 
A freshly lormcd sodium amalgam drop momentarily gave the characteristic sodium 
potential With La, Pr and Nd, the e m f decreased slowly with time, a steady value 
being approached in 15" -20" (a, b, c) The c m f changes weic more rapid with Sm, 
bii and V b, (d, e, f), and were usually complete within 2" These limes were prolonged 
by dilution of the electrolyte The final e m f of the amalgam drop, corresponding to 
the hori/ontal trace on the oscillograms, was in reasonably good agreement with the 
amalgam cell e m f’s of Table 6 

A differcnl type of behaviour was observed with divalent europium Two waves 
were found with a (1 N i 0 5 N Zn-' ) electrolyte (g) The first wave appeared 
to be characteristic of the reduction of /me (/i) as addition of more /me to the original 
electrolyte extended the hist wave (i) A /me amalgam electrode had a lower e m f 
(I 01 V) than the amalgam electrode potential In this case, it appeared that 
the first step was a slow reduction of /inc, followed by a rapid reduction of Eu“* 
In solutions of non-cxtractable lanthanons the em f of the sodium electrode 
remained unchanged over a period of ten minutes. 

DISCUSSION 

This work shows that the amalgam extraction of the rare earth elements is con- 
siderably more complex than deduced from the earlier work on lanthanon fractions 
containing varying quantities of samarium or ytterbium Marginal quantities of the 
light lanthanon elements were extracted under these conditions, and it was suggested 
that this was due to small differences in potential of the Na/Hg and Ln/Hg electrodes 
It was also suggested that the potential of the non-extractable lanthanons was greater 
than the sodium electrode The experiments described here do not substantiate this 
hypothesis 

Experiments on the stoicheiomctry of the extraction process show that the simple 
overall reaction suggested by Equations (l)--(3) is followed, but as already stated, 
certain reservations must be made Also, considering the extraction data obtained 
over a wide range of conditions, the decrease in extraction efficiency observed when 
the lanthanon concentration has been depleted is consistent with a change in kinetic 
mechanism m the dilute solutions The extraction process is clearly electrochemical, 
but a more detailed examination shows a number of inconsistencies A polarographic 
examination of the rare earth elements gave reduction waves at 1 6-1 8 V, which 
could not be resolved Reduction steps at appreciably lower voltages would be 
predicted from the e m f of the lanthanon amalgam cells Only seven of the lanthanon 
elements are extracted, which would not be predicted on electrochemical grounds 
The La-Nd group of elements extract with the alkali metals in the sequence Li L- 
Na K, which is not the electrochemical sequence. The amount of extraction 
decreases m order of atomic number, the opposite effect would be predicted from 
the electrochemical data of Table 7, although there is a small trend in the expected 
direction with cerium The Sm-Eu-Yb group extract with considerably greatei 
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efficiency, divalent ions are formed during extraction, and all extract in the abnormal 
sequence Na > K > Li The amount of extraction again decreases with atomic 
number, and is unrelated to the stability of the divalent ions in solutions since the 
element having the least stable divalent ion (Sm) is extracted with the highest efficiency 
Also, while the three alkali amalgams showed equal reactivity to the hydrogen ion, 
they were less reactive in solutions of the non-cxtractabic lanthanons, and the alkali 
consumption was in the electrochemical sequence Li ■ lO Na These facts suggest 
that the net effect observed in an extraction experiment is the sum of two divergent 
mechanisms The techniques used in this work were not suited for the study of 
kinetic mechanisms, nevertheless the experimental results arc consistent with a 
fairly simple pattern 

The acetate ligand forms a senes of complex ions with rare earth cations, but the 
amount of complexmg is small (/fj 40-1000) and shows no major trend with 
atomic number The reduction process will therefore be discussed in terms of 
lanthanon cations Conductivity measurements show that the size of the hydrated 
rare earth cations increases with atomic number This increase m hydration 
explains the increased tendency of rare earth cations to hydrolyse from lanthanum 
to lutecium The surface of an alkali amalgam drop is alkaline, and early 

experiments with neutral lanthanon solutions were abandoned because of hydroxide 
precipitation To prevent this, and control the reaction of the amalgam with hydrogen 
ions, a buffered system was adopted'** Bifdfrmann has shown that lanthanum 
solutions, at pH’s above 6 5 contain hydrolysed and polynuclear species such as 
Ld(OH)^'‘ and La 2 (OH)’'* ft is logical to expect the formation of hydrolysed 
species at lower pH's with an increase in atomic number 

A hydrolysis mechanism, involving the formation of non-reducible polynuclear 
species, explains many of the experimental facts, in particular the general tendency for 
extraction to decrease with atomic number and the behaviour of the non-extractable 
lanthanons 

Ln*' nHgO ! Na v Ln(OH)-! A Na" q- H 

When the hydrolysed lanthanon is mixed with the bulk solution, hydrolysis is re- 
versed, so that the mechanism is equivalent to a catalysed evolution of hydrogen 

Ln(OH)“+ 1 H+ -V Ln-*^ 1 Hp 

There is no evidence for the formation of intermediate ions in the extraction 
of the La-Nd group of elements In fact, “divalent"’ salts of these elements appear 
to have semi-metallic properties *‘‘* Quantitatively, extraction is very inefficient, 
for example the probability of a sodium atom reacting with H+ is 10* greater than 
reduction of La®*' The extraction is slow, as shown by the extraction experiments 
and confirmed by the electrokinctic evidence It is concluded that reduction takes 

A SoNFSSON, Acta C hem Scancl 12, 165, 1917 (1958) 

F H SpLDiiiNG and G AiKifiWS, 1 he sn inline oj Elntiol\tc’i {V.iiitcA by W J Hamfr) p 119 
J Wiley, New York (1959) 

'“’H T S Britfon, y Chem Soc 127,2142 (1925) 

T MoELitRandH F KREMFRS.d Pins Chem 48, 395 (1944) 

"" T Moellfr and N Fogfl, 7 Amct Chem Soc 73, 4481 (1951) 

G Biedermann and L Ciavatia, Acta Chem Scam! 15. 1347 (1961) 

J D CoRBETr, L F Drudinv, and C B Lindali J Imni' Nucl Chem 17,176 1961 
L F Drudino and J D CoRBi-n,y 4mei Chem Soc 81,5512(1959). 83, 2462 (1961) 
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place by a three-eicctron step, the extraction being the sum of opposed electrochemical 
and hydrolytic effects Experiments with non-extractable lanthanons showed them 
to hydrolyse m the sequence Li K. Na, so the concentration of unhydrolysed 
material would vary m the reverse sequence This is a reasonable explanation of 
the observed extraction sequence, Li Na • K The anomaly between the polaro- 
graphy of the rare earth elements, and the EMF of the amalgam electrodes, can be 
resolved if the reduction is a slow process 

Since hydrolysis increases with atomic number, a continuation of the trend 
observed with the La-Nd elements makes a three-electron reduction unlikely for the 
Sm-hu-Yb elements Divalent ions arc formed during the extraction of this group 
of elements, and it is probable that reduction to the metal proceeds exclusively by 
this route The extraction of the Eu-' ion by amalgams is very efficient, since it was 
extracted with a negligible evolution of hydrogen There is a well-known similarity 
between the divalent rare earth ions and the alkaline earths, hydrolysis is probably 
slight, since europoiis hydroxide is appreciably soluble in alkaline solution If it 
is assumed that the tervalent cations are subject to hydrolysis in the sequence Li 
K Na, unhydrolysed cations will be available for stepwise reduction m the opposite 
sequence, namely Na - K Li, which is found experimentally 

There arc three further points that call for comment The addition of sodium 
chloride to solutions of the La-Nd group of lanthanons considerably decreased the 
extraction In the Sm Eu-Yb group, no effect was observed with the first two 
elements but at high sodium chloride concentrations the extraction of ytterbium was 
decreased There is no evidence of chloride complexing of the lanthanon elements 
The effect is probably statistical, being equivalent to dilution of the lanthanon solution 
Linder these conditions, hydrolysis or the reaction of sodium with hydrogen ions is 
more probable than a three or two-electron reduction 

No separation of mixtures of the Sm-Eu-Yb group of elements was obtained by 
extraction This would require an equal amount of hydrolysis of each species at 
the amalgam interface, and the two-electron reduction potential of the reduced species 
to be identical Such a coincidence appears improbable There is, however, evidence 
from electron transfer reactions of charge transfer mechanisms involving solvent 
molecules It seems likely that a mechanism of this type is necessary to explain the 
experimental findings 

The cm f’s of the lanthanon amalgam cells given in Table 7 are related to the 
standard potentials of the elements The standard potential is the sum of the amalgam 
potential and terms related to the solution and metal activities Latimlrs’ values 
for the standard potentials of the lanthanon elements decrease m a regular sequence 
from La — 2 52 V to Ln - 2 25 Volts There are marked divergences m the 
experimental data, and it would appear that Latimfrs’ values are open to question 
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SOLUTrON OF METALS IN THEIR MOLTEN SALTS 

SOME MANGANESE, CHROMIUM, URANIUM AND ANTIMONY 

SYSTEMS* 

J D CoRnrrr, R J Clark and T F Munday 

Institute for Atomic Research and Department of Chemistry 
Iowa State University. Ames, Iowa 

{Received 17 Janitai t 1961) 

Abstract Preparations of high purity MnCI™, CrCL, C'rlj, UBr,, L'U and Sb^S, are described, the 
melting points obtained for Crlj (868 ) and Sb^s (559 5 ) aie e,gni/ieantly higher than previously 
rcpoilcil The small solubilities of manganese and ehromiiim in the respective halides studied were 
charaeleri^cd primarily by the dcpressicm of the freezing points ol 'ne salts by eveess metal For 
MnClj ! Mn (in Ta), A F IS I 5 I I .(orCrCL ' C r, 6 , and for Crij , Cr, 3 

The UBrj-U and UIj-U systems were studied by ct(uilibrat'on in tantalum containers followed 
by analysis of the saturated salt phase Uranium dissolves in liquid UBri to 4 1 mole per cent 

over the range of 800 912 , and in Ulj(l), from 5 7 per cent at 784 to ~9 per cent at 1020 The 
liquidus curve for Sb^S, i Sb was investigated by thermal analysis, the salt-rich eutectic is at 
S24 5 and 18 0 - 1 - 0 5 per cent Sb At 780 the equilibrium salt phase contains 42 0 — 0 5 per cent 
Sb The UBrj and Sb.S, compositions are somewhat lower m metal content than previously icported 

Hiiiiirio the only knowledge of metal-metal halide interaetions for metals of the 
lirst transition series has been for nickel, where solutions of up to 9 mole per cent metal 
in liquid NiCU have been observed Investigation of the system MnCU Mn was 
prompted principally by the lepoit^-* that use of thclheimodynamic half cell potential 
for a Mn/MnCI) refcicncc cell gave a potential for the U/UClj couple 0 1 V lowei than 
obtained with Fc/FeCE or Ag/AgCl This suggested that an appreciable solution 
of Mn in liquid MnCE may have been responsible for the observed deviation even 
though one possible solution mode, the formal rediiclioii of the 3(/’ solvent ion Mn- , 
could be considered unusual Conveisely. the CrX,-Cr systems X Cl, I have 
been examined to establish whether the simple Cr' ion might possess a stability 
sufficient to exist in a nioie or less dilute solution in liquid CrXj 

An appreciable solution of uianium metal in certain of the liquid uranium (111) 
halides has been reported With UCI,, this has been given as 4 per cent metal at 
k20 ’, the eutectic, and 6 per cent at 1 MO’,'-** while in UBr, a much larger dependence 
ol solubility on temperature has been suggested, increasing from about 4 per cent 
at the eutectic (743") to roughly 21 per cent at only 950" In view of the admittedly 

’Contribution No 1268 Work was performed m the Ames Laboratory of ihc U S Atomic 
I nergy Commission 
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tentative nature of the published results for the bronude system and also the probable 
piesenee of side reactions with the eontainers used in the prior study, the system 
has been re examined In addition, reaction of Ulj(l) with metal has been explored to 
establish whethci the trend suggested by the above chloride and bromide data would 
lesLilt in an even larger intciaction in this case, or perhaps the separation of a lower 
phase 

hinally, the Sb^S, system picscnts an interesting example of a relatively large 
solubility of metal, 20 to 30 per cent at the eutectic at 520 and 42 per cent at 
615', the monotcctic,''* without the foimation of an intei mediate phase As is 
frequently the case with chalcogcnide vs halide systems, the interaction is far greater 
than in the coi responding halides, where formation of Sb^l 4 is indicated in the iodide 
melt In similar contiast, the sulphide melts apparently show a dehmte electronic 
conductivity with relatively large amounts of dissolved metal Inasmuch as a tech- 
nical grade of Sb^S, was employed in recent studies of the system, the Sb.^Sj liquidus 
ciiive as well as the solubility of liquid metal at 780'' have been reinvestigated with 
higher purity mateiials 

rXPhRlMLNTAL 

MnClj-Mn The salt was prepared by dehydration of (he reagent grade letrahydrate under 
anhydrous HC I at 500 ', followed by treatment with Cb up to 700 , and vacuum distillation at 800" 
The chlorinalion step was found necessary in order to obtain a clear, yellow-brown melt without 
deposition ol a black solid The metal (99 9 percent A D MacK.ay) attacked Vycor in the presence 
of molten MnCf so that thermal analysis studies were earned out in tantalum containers, and then 
only with excess metal because of the simultaneous formation of a TaMn^ coaling on the container 
Thermocouples were periodically checked against the melting point of Nal Separate MnClj samples 
gave melting points of 653 5 and 654 ', each I ’, compared to 650 given by Moore'*’ 

CiCb-tr Since preparation of CrC'b via or HCl treatment of CrCb or Cr respectively could 
give a product contaminated with one or the other starling material which would thereby vitiate 
subsequent results, the stoichciometric compound was prepared from CrCf and Cr Reaction of 
the metal (Llcclromcl 99 9 h per cent) with dry Cb at 960" gave CrC b, and this was sublimed under 
Clj The proper proportions of metal and CrCb (to +0 00) in Cl/Cr) were then reacted completely 
(without exposure to the atmosphere) in a scaled, fused silica container at 890“ to give the pure, 
asbcstos-likc CrCb Thermal analyses were performed in sealed glass eonlaincrs, with weighed 
amounts of metal added through a bieak-seal The melting point of CrCb was found to be 824'", 
compared to the “selected” 815 and 824° reported by Fisphlr and Gewehruu 

Crl.’-Cr Metal at 800 was reacted with b from a reservoir at 175 ' in a scaled, evacuated, glass 
container to give a mixture of Crij and Crl, Sublimation of this product in vacuo at 700" gave the 
red-brown Crl^ plus a trace of the black Crl,, with metal m the residue and considerable amounts 
of b m the cold trap Additional vacuum sublimation continued lo give small amounts of CTIj in 
the product This was finally removed by sublimation from the Crlj in a sealed tube at 555" Al- 
ternatively, Cr and Ij in stoichciometric proportions (TO 001 in I/Cr) were transferred in an inert 
atmosphere box and reacted to produce Crl^, red in transmitted, and yellow-brown in reflected light 
Both products gave a melting point of 868' in sealed tubes, which is far in excess of the 790-795' 
inferred by Hein and Wintner-Holdfr from resistance measurements 

<'■’ F M JafciAR and H S Van Kioosier, Z Anorg Chem 78, 245 (1912) 

'*’H PfLABON, /4/j// Chim Phys 17, 530(1909) 

T Yanagase and G Deroe, J Llecirochetn Soc 103, 303 (1956) 

B L Bruner and J D Corbett, / /noriy Nucl Chem 20,62 (1961). 

G Moore, J Amer Chem Soc 65, 1700 (1943) 

Selected Values of Chemical Thermodynamic Properties, Ser\t'i\],'Vah\t A9-\ Nat’) Bur Stds , 
Circular 500, U S Gov’t Printing Office, Washington, D C (1950) 

(111 Fischer and R Gexvfhr, Z Anorg Chem 222, 308 (1935) 

Fr Hun and 1 Wintner-Holder, Z Anorg Chem 202, 81 (1931) 
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UBfa -U UBfi was used as the starting salt since it could be readily sublimed to reduce impurities 
The metal was cut from a rod (Malhnckrodl, principal metallic impurities, in ppm 50 Fe, 44 Al, 
14 Mg) and cleaned with 1 1 HNOj while the bromine ( 0 02 per cent Cl, A D MacKay) was dried 

over P)0,o and subsequently sealed in ampoules equipped with break-seals The Br, container and 
the metal were placed in opposite ends of a Vycor tube in the fornr of a shallow, inverted V, and this 
was evacuated Hydrogen, purified by passage through a tiap filled with Linde Molecular Sieve 4A 
cooled to —196’, was reacted with the metal at 250 for 1-2 hr, and the hydride so formed then 
decomposed under vacuum at 500 ' The apparatus was then sealed, the spectacular reaction initialed 
by breaking the ampoule, and completed by healing the metal end to 570’ and the Br,., to 40 to 50 
Purihcation of the UBr^ by sublimation at 450’ plus all subsequent UBr, IJ reactions were 
executed m Ta so as to eliminate side reactions with glass For the hrst step a two-piecc, Ta apparatus 
was constructed from J in tubing so as to provide an extended crucible for the crude material and a 
closely htting cylinder on the open end for the condensate The UBr^ product had an average Br 
content of 57 45 per cent vs the theoretical 57 32 per cent 

Known quantities of U and UHr, were contained in 1 in 2 in Ta tubes arc welded under 
— J atm of He These were healed m a glass container under proportional temperature control with 
measuring thermcKOupIc junction in contact with the metal wall, and were quenched by dropping 
them into a silicone oil reservoir in the bottom ol the glass envelope The composition of the salt 
phase was usually determined from the loss m weight of the added metal, as the massive U did not 
disintegrate at or below 915 , the adhering salt could be easily removed by a 11^0 wash, and an 
appreciable solubility of salt in the solid metal was not evident Direct analysis of the salt phase 
was in good agreement when checked, for example, 49 30 per cent Br vs 49 36 per cent calculated 
from the weight loss The product gave a powder pattern of only UBrj Analysis for bromide was 
gravimetric, the silver precipitated by reaction of the ion with U(.IV) was redissolved by heating for 
an hour with dil HNOj 

LJI,-U Preparation and purification ol the pure uranium iodides is more dilhcult due to the 
ease ol disproportionation or dissociation To avoid reaction of Ulj with glass at elevated tempera- 
tures the synthesis procedure used for the rare eirth metal triiodides'”’ was employed, so that metal 
in a W crucible at 800 icacted with H vapour from a reservoir .it 100-120 The reaction was still 
slow and incomplete, and massive metal remained after 48 br Reaction of iodine with powdered 
‘ hydride" U was more successtui, giving a product Ul. (99 87 percent 1 ■ U) with a melting point 
of 771-772'’ (766 5 b 1 ’ lit Thermal analysis and equilibration experiments were again earned 
out in sealed Ta tubes, m this case lecrystallued metal was evident in the salt matrix alter 3 hr at 
1020 so that salt analysis rather than weight loss of the metal was more reliable at the higher tem- 
peratures Because ready sublimation of the iodide was not leasible some oxvgen contamination is 
to be expected, 0 1 per cent was found m one sample by men gas fusion Reduced salts showed 
only the powder pattern of UI3 

SbjS|-Sb Technical Sb^Sj (Fishci ) was found to have vciy unsatisfactory melting characteristics, 
and spectrogiaphic examination showed mjjiir amounts ol Si Fe C a and Cu Although vacuum 
sublimation gave a considerably belter material, the majority ol the starting salt used was synihesi?ed 
from the elements Purified sulphur was vacuum sublimed al 140’, discarding about the first 
and last third, and was subsequently handled only in a dry-box The metal. 99 999 per cent with 
respect to metal content (A D MacKay), was fused m vacuum to reduce the oxide content The 
elements were reacted m the desired proportions in evacuated and scaled glass tube as belorc, with 
the metal healed to about 600 and the sulphur, to 400 Foi pure Sb.S, rathci than mixtures, a 
final vacuum sublimation at 540’ was added Spcclrographic analysis of this showed onlv tiaces of 
I’b and Si, and the melting point of 559 5' obtained compaics to 547 m a recent compilation"^’ and 
546 in the most complete phase diagram of the SbjSj Sb system ' ■’ 

The SbjS, liquidus curve was studied on mixtures synthesi/cd in \ilii from the elements equili- 
brated at 600-650’ in the sealed Vycor cell, and cooled at 1 -5 nun ' The thermocouple c.ilibrated 

by the 630 5’ melting point of the metal was contained m a vvell projecting into the melt Serious 

L F Drdoinc, and J D Corbftt, 7 Anier ( licin Sor 83,2462 (1961) 

M M Popov and M D Sfnin, Z/i AVoig hhim 2, 1479 (1957) 

SelecictI Valiiei pf Chemical Tlwimmhnamic Propvitie\,Scnc^ U Table 21-22 NalT Bur Stds 
Circular 500, U S Gov't Printing Oflicc, Washington, D C (1950) 
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supercooling was reduced by the presence of powdered Vycor and by mechanically shaking the 
entnc cell through an attached quartz rod operated by a motorized cam Compositions were altered 
by sublimation of the entire contents of the cell through a break-seal into a like cell containing 
additional melat 

Since the above data disagreed noticeably with previous results, the composition of the salt-nch 
phase in cciuilibrium with liquid Sb at 780 was also checked Known weights of Sb and sublimed 
SboSj were equilibrated in short lengths of scaled Vycor tubing, cooled quickly, and the recovered 
metal button was cleaned with aqu HC I and weighed In order to correct for the significant solubility 
of salt in liquid metal that was letaincd within the button, values of the apparent scilubihty vs wt 
ratio of metal lo salt at equilibrium for several cspc/iments were extiapolalod back to zero metal 
phase The result agreed lo within 0 I per cent dissolved metal with that obtained directly through 
use ol a button previously saturated with salt Powder pattern data confirmed that a new solid 
phase IS not formed 

RhSULTS AND DISCUSSION 

MlUI iiitci actions with the liquid manganese and chromium halides were found 
to be so small that diiect methods for the determination of the composition were 
concluded to be generally unieliable Accordingly, the magnitude of the solubility 
was inferred fiom the depiession of the frec/ing point of MXj by added metal 
Fxccss Mn lowers the MnCL point by only I 5 J I”, from the calorimetric heat 
of fusion'"’ this corresponds to an ideal solution of about 0 8 jb 0 5 mole per cent 
Mn as atoms, ot half as much as Mn ' With CrCI^ b Cr,the hquidusdata for mixtures 
containing 0 7-6 per cent Cr indicate a eutectic at 818 + 1“, a depression of 6°, 
with the composition near 3-4 per cent A composition of 1 9 per cent metal as atoms 
IS calculated from the ATof 6" and the accepted*"” heat of fusion 1 he 868'’ melting 
point of Crij is depressed only 3“ by excess chromium, so any reaction must be even 
less favorable than with the chloiide 

Metal intcraclions of this sort as possible evidence for monovalent ions of the 
first transition series thus contiiuie to be substantially negative other than for nickel 
and, of course, its neighbour copper (ndirect evidence suggests a similarly negligible 
reaction in FcCl Fe,*'^’ while metal solution m molten Col^ appears very minor 
The behaviour of this senes may be roughly correlated with fundamental thermo- 
dynamic quantities to the extent that the relative enthalpy for the solution reaction 
M'*’ I M - >-2M* will be more favourable for a small value of (Ij - T + At/,,,,,,] ) 
for the element M These terms for the elements Ti to Cu clearly support the pre- 
dominance of Cu^ and indicate that NT and Cr' should be next most stable, with 
Mn^ in fourth place The difference observed experimentally in the amount of reaction 
of Cr and Ni with then chlorides amounts to a free energy difference of only about 
2 kcal per mole of the M^ presumed formed, and this scarcely could have been 
predicted by such means 

The solution of U in UBr 3 was investigated between 800 and 915'’ The solubility 
of 4 -j 1 per cent is substantially independent of temperature within the reproducibility 
of the measurements although there may be a small retrograde solubility effect 
within the quoted uncertainty This amount agrees with the approximate 3 to 5 
per cent at the 743° eutectic concluded earlier*^’ (although their experimental 
data appear to allow this composition to be as high as 8 per cent) On the other 
hand, the much greater metal content in the liquidus compositions previously reported 

* The solubility, ~2 l 1 per cent, was estimated directly by analysis of the saturaled salt phase 
and is probably a maximum value 
(leiS V WiNBUSH Thesis, Iowa State College (1956) 
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at higher temperatures must have been due to extensive attack of the alumina and 
porcelain apparatus 

Investigation of the LIJj- U reaction was not carried out extensively when it became 
apparent that the solubility was not significantly greater than in the bromide At 
784^", about 18° above the reported*"’ melting point, the solubility is 5 7 per cent 
and this increases to 6 3 per cent at 865° and ~9 per cent at 1020° Uranium (11) 
would thus appear to have only a very limited stability Incidentally, it was also 
established that UI, exhibits a very high resistance typical of a salt This eliminates 
the possibility, apparently not previously clarified, that UI,, might be a metallic 
salt (e g U'*' (1 )je ) such as recently found with ThU 

The improved quality of the Sb^S^j indicated by the higher melting point obtained 
also resulted in a significant change in the liquidus curve obtained on addition 
of metaf The temperatures observed (Tl°) for the respective mole per cent of 
dissolved metal (iO 1 per cent) (based on Sb2Sj solvent) are 551 5,4 3, 547, 7 8, 
533, 14 0, 526, 16 5, 529, 16 7, 524, 17 8, with the eutectic temperature at 524-5° 
The eutectic composition of 18 0 j_ 0 5 per cent when compared to the earlier 21 per 
cent at 520°*^’ and about 30 per cent at 519 suggests that oxidizing impurities 
may have been present in the salt used previously Similarly, the sulphide-rich phase 
in equilibrium with the liquid metal-rich phase at 780 was found to contain 42 0 — 05 
per cent metal, somewhat less than the 48 pci cent interpolated from the most recent 
data 

Analysis of the above liquidus data in teims of Sb 7 Sb^S, mixtures gives a 
limiting heat of fusion of 8 9 Real per mole of 56283, compared to 5 6 kcal mole ^ 
in the literature The latter, 01 actually twice this value, was deduced from the 
liquidus curves for solutions of SnS and PbS m what was presumed to be the molecular 
solvent SbjSfi I n the absence of more specific know ledge of the solv ent characteristics 
and constitution of liquid 56285, the only substantial conclusion that can be reached 
IS that Sb metal effectively produces about one-third fewer solute particles on solution 
111 86283 than do 8nS or PbS 

R J Clark and J D Corbei r. / hoi g Client 2 , 4 C 0 (l 96 t) 
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Thermal decomposition of plutonium oxalates 

(ReceirecJ 18 I ebruary 1963, iitietiu’cl jonn 23 Apnl 1963) 

Thf TurRMAL detomposilion of plutonium oxalates has been studied to elarify some of the discrep- 
aneies reported in the literature Dawson and F i lioit'" have indicated the formation of an inter- 
mediate of indefinite composition at about 200 C during the thermal decomposition ol plutonium(IV) 
oxalate Kartushoka et al have shown that partial redutiion takes place in the thermal decom- 
position of plutonium(lV) oxalate, and that the thermal decomposition of plutonium(lll) oxalate 
in an inert medium at 330 C produces an oxalate-carbonate lor which they have assigned the 
structure Pu(C.Oj)(CO,)u 5, MvrRs"’ reports that an intermediate product, probably plutonium 
oxyoxalate Pu^O^CjOi is formed during the decomposition of plutonium(IV) oxalate in an inert 
atmosphere at 260-275'‘C but the product has not been conclusively ideniihcd 

Our study ol the thermogravimetric decomposition of plutonium(lV) oxalate hexahydrate in air 
has show'll a dchnite intermediate of trivalent plutonium in the temperature range of 25&-280 C, 
which has been eharactcri/'ed by chemical analysis as an oxalale-carbonatc, Pu(C.04)(COj)o $ 
(requires Pu 66 9, C,0,^ 24 7, 8 4‘‘„, lound Pu 65 4, C,0,- 25 3, CO3-- 8 6%) The full 

thcimal decomposition curve is shown in the graph 

Plutonium) 1 11) oxalate precipitated from aqueous solution was found lo crystallize with ten 
molecules of w'atCT and not nine molecules as has been noted previously 1 his has been confirmed 
by X-ray analysis which showed the compound to be iso-slriictural with lanthanum oxalate deca- 
hydrale On heating on the thermobalance m air, hydrates containing 9, 2 and 1 molecule of water 
ol crystallization were obtained, while in an argon atincsspherc the anhydrous oxalate was also formed 
there was no indication of intermediate compounds between the anhydrous oxalate and the final 
prciduct plutonium dioxide 

/ \peiimeiual 

Prepaiation of plutoiiiiiin oxalates Plutonium (IV) oxalate hexahydrate was prepared by adding 
0 6 M oxalic acid to an ion exchange purified solution of plutonium (IV) in 2N nitric acid Pluto- 
nium (111) oxalate was precipitated by adding 06 M oxalic acid to a solution of plutonium which 
had been reduced to this valency state by hydroxylaminc hydrochloride The tri- and tetravalem 
oxalates were stored dry for a maximum of 2 weeks and the (rioxalatc was stored in an argon 
atmosphere 

TABIF I THFRMAI DICOMPOSITION of PlUroMllM(l\) oxat \ it 


Probable formula 


Observed inc'leculai weights in iiins 


Ttmpcralure 
range of 
stability 

1 

2 

3 

4 

5 

6 

Pu(C,03) 

(415)1 








or 


425 

416 

429 

411 

420 

428 

100’- 175 C 

Pu(C,0.) H3O 

(433)j 








P^KC.O^XCOio 

6 (357) 

360 

362 

358 

361 

344 

365 

250 -280 C 


J K Dxwson and R M Elliott, AERL-C.R 1207 
*■' K E Karfushora, T I Rudlnico, and V V I omin, ■llonma\a Dwiyiu 5, No 1 pp 24-29(1958) 
I" M N Myirs, HW-45128 

ki T SiARoRCiandJ J K/xtJ. The Aiiinule riementx p 420, McGraw-Hill, New York 
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7 ABLE 2 TiILRMM HLCOMPOSn ION OI I’LUTONIIJMCIU) OXAl A FL 


Alniosphcie Probable foinuila 


Pii.(C_(),), lOH.O (922) 
Pu.tC.O,), 9H,0 (904) 
Air 

Pii.lC.OAi 2H,0 (778) 
Pu.tC.O, ), fl.O (760) 

Pii.te ,(),), lOH.l) 1922) 
Pu,(t ,0,),9H_0 ( 904) 
Pu,(C ,(),), 214.0 ( 778) 

Ar^oii 

Pu,(C.O,), H.O (760) 
Pu.(C,0,), (742) 


ObscFNcd molecular 


weights in 

runs 

Temperatiiic range 

— 

— 

ol stability 

I 

2 

( C) 

920 

930 

Up to 40 

90S 

915 

55-70 

780 

778 

125-150 

763 

760 

175-195 

924 

916 

Up to 25 

891 

901 

40 60 

780 

779 

150 175 

762 

762 

215-235 

7S2 

741 

300-350 



V 

V 0 


\ 

N 



1 i- I 1 ■ 1 - : 1 ^ I 

0 li_0 ■'OO 4I»0 I ff>ij yuO 'IJOu 

Temperature, 


Fig 1 — Thermogravimetry of plutonium oxalates A- Pu(III) Oxalate m Air B — 
Pu(III) Oxalate in argon C — Pu(IV) Oxalate in air 1 PUi(Cj04)3 lOH^O, 2 Pu.fCjO,), 
9H,0, 3 PU2(C404)3 2H2O, 4 Pu^fCM), HjO, 5 Pu4(C404)j, 6 PuO^, 7 Pu(Ci 
O,)., 8 Pu(C,04)3 H4 O, 9 Pu(C304)(C0A 6 
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Theimal Ueconiposuioii For studying the thermal decomposition, approximately 10 mg of the 
oxalates were loaded into a silica spring thermobalancc with a sensitivity of 2 5 mm/mg and the 
temperature raised at a rate of S’C/min The weight changes were observed with an index hbre and 
a cathetomeler which could be read to I 0 01 mm Tables I and 2 and hig 1 show the intermediate 
products formed during the thermal dccomptssiiion of plutonium (IV) and plutonium (111) oxalates 
Analyse of the in/ennecliate ptoduct A sample of plutonium(I V) oxalate was heated to 250 C in 
the thermobalance, cooled rapidly and the intermediate product analysed Carbonate was deter- 
mined using a Conway diffusion cell''’ containing sulphuric acid and barium hydroxide Plutonium 
was estimated by alpha counting and oxalate by permanganate titration The percentage of plutonium 
111 the tnvalent stale was also approximately determined to be greater than 75 per cent by titration 
with standard ccric sulphate solution from an agla micro-synnge using ferrous-o-phenanlhroline as 
indicator Table 3 gives the results of this analysis 
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9 42 mg 
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8 40 
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The crystal structure of calcium bromide 

(Receired 6 Ma\ 1963) 

The crssial slruclure of calcium bromide has been sludied by Doi i and Kiimm These authors 
report the striictuie to be isomorphous with that of CaCL crvsialli/ing in the orthorhombic space 
group DjJ-Pnnm with cell constants a 6 55 A, b 6 88 A and c = 4 34 A However no attempt 
was made to determine the detailed slructural parameters As pait of a piogramme to study the 
crystal energy of alkaline earth compounds, this paper reports a determination of these parameters by 
the use of powder X-ray dilfraction techniques Anhydrous CaBri was prepared by heating the 
commercially available dihydrate to 250 C under vacuum lor a period of 2 hr Powder diffraction 
data was obtained under anhydrous conditions using an automatic recording diffractometer equipped 
with a geiger counter detector CuK, radiation I 5405 A) was used and the spectra were 

calibrated against the known spectrum of a-quartz (a 4 913 A, c ~ 5 405 A) The unit cell di- 
mensions obtained are 

a 6 584 0 006 A 

b 6 871 ; 0006 A 
c 4 342 !r0 004A 

These values are m reasonable agreement with those ol Don and Ki emm 

The data were collected to a maximum value for [(sin 0) /] of 0 40 A ‘ Twcnly-(wo reflections 
were observed to be completely resolved The intensities of these peaks were estimated from u 

W Doll and W Klemm, Z amng Client 241,239 (1939) 
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measure of their hall width and peak heights and reduced to rclalivc scattering factor magnitudes in 
the usual manner These scattering factors were then used m a least squares calculation minimizing 
the sum of the weighted squares of the difference between observed and calculated scattering factors 
with lespcct to the changes in those positional parameters not fixed by symmetry The calcium ion 
was placed in the special positions 2a (000, f 1 {) ol space group Pnnm and the bromide ions in 
positions 4g (\, V, 0, f, r, 0, i I r J - V, J , i r, i I j, ]) The trial values ol the bromine 
parameters weie t 0 275 and v = 0 125, the reported chlorine parameters in CaCl 2 An overall 
thermal vibr.ition p,irametcr B was restricted to a value of 1 0 A’ The ratio of observational equa- 
tions to paiametcis in the least squares calculation was thus equal to eleven hive least squares 
Iterations were earned out Alter the third cycle, the indicated changes m the parameters were less 
than 5 10 ’ The final value of the reliability index /( 2j||F„j - ) / (,||/21 | Fq | was 0 102 The 
icsLilting values for the bromine positional parameters with their respective standard deviations 
estimated from the least squaie noimal equation matrix arc 

V 0 2616 ! 0 0029 

y 0 3417 ' 0 0026 

In the resulting sti ucUiic the calcium ion is surrounded by six neatest bromide ions in a distorted 
octahedral conligui ation with lour Ca-I1r distances of 2 88 A and two of 2 91 A in accord with the 
sum ol the accepted ionic radii of 2 94 A 1 he various Br-C'a-Br angles range fiom 82^21' to 97 39' 
with an average value ol 90 demanded by the ciystal symmetry The nearest biominc-bromine 
approach is 3 '79 A and is also consistent with an ionic structure 


4ckno\\l<nli;ineiit\ I his woik w.ts supported by a grant from the National Aeronautics and Space 
Administration The computational facilities used are siippoi ted by the Atomic Lncrgy Commission 
grant number AT-(40-l)-1825 
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The formation of mercury derivatives in reactions involving sodium derivatives 
of metal carbonyls prepared from sodium amalgam 

{Received 24 April 1963) 

Recent I y wc have been investigating the reactions of certain sodium derivatives of metal carbonyls 
with various organic hahdes" ’ in order to prepare new organomelallic compounds The sodium 
derivatives required for this work have been obtained by cleaving certain binuclcar carbonyls with 
dilute sodium amalgam We now wish to report several eases where the mercury from the sodium 
amalgam has entered into the reaction to form the coriesponding mercury derivative of the metal 
carbonyl A similar reaction has been recently reported'^’ where dicobalt octacarhonyj formed 
Hg[CoCCO)jIj on reaction with dilute sodium amalgam in a non-polar solvent such as hexane 

Expenmenial 

The sodium derivatives NaMn(CO)s, NaFe(CO) 2 C 6 H 6 , and NaCo(CO )4 were prepared from the 
reactions of Mn 2 (CO),o, (CsHsFeCCO)^]^, and Co 2 (CO)e, respectively, with ~1 % sodium amalgam 
m tetrahydrofuran (redisltlled over lithium aluminum hydride) '' ‘ One sample of each of the mei- 
cury derivatives was identified by analyses for carbon, hydrogen, mercury, and the transition metal 

'»R B King, / Amer Chem Soc 85, 1922(1963) 

R B Kjno, / Amer Chem Soc 85, 1918 (1963) 

R B Kino, Inorg Chem 2, 531 (1963) 

S V Diohe and M Orchin, Inorg Chem 1 , 965 (1962) 
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HNO, arc analogous to the spectrum of DliHPA, the very weak absorption assigned 
to die nitrate gioup"*d'*> at 1300 cm ' appears in 3 M acid, becoming slightly stronger 
in 6 M acid The OH stretching band m the legion 26S0-2350 cm * pcisists in the 
extraction of 6 0 M nitric acid solution it has been pointed out by PrFi’ARi) ct a! 
that c\en if the dimei of DEHPA is broken, new bonds formed with the nitric acid 
hydiogen would give use to a bonded OH absorptionmapproximately the sameregion 

in the extiaction of iiranyl nitrate solulion (5 g/i ) the intensity of the band at 
930 cm which is assigned to (he many/ group decreases with incieasing acidity 
below 3 M, and then mcieases again in 6 M acid Simiiltaneousiy the intensities of 
the OH slictching and beiiehng bands dcciease, while the ► O absorption band at 
1230 cm 1 shifts as follows 1205 cm ' (0 15 M UNO,) 1210 cm ’ (I 0 M HN'O,), 
1215 cm '(3 0MHNO)) 1 210 cm ' (6 0 M HNO,) These results correspond to the 
changes shown in Fig 1 

At an ac|ucoiis concentration of 25 g/l iiianyl nitrate (f ig 5) the uiaiiyl band at 
930 cm ' IS sharpei than that for 5 g/l becaiiso of the increased oiganic phase uranium 
concentiation At the same time, the OH slictching and bending bands almost 
disappeai , and the P » O I rec]uency at 1 230 cm ' shifts as follows 1135cm ^(0 15M 
UNO,), 1140em ‘ (I 0 M H NO,), 1 1 55cm ' (3 0 M UNO,), 1 14()em ' (6 0 M HNO,) 
r'uilheimore the absoiptions at 10X5 and 1060 cm ' obscised m the extraction of 
DOjSO, which have uiiceitain assignments,'" appear in adihlion to the [P O] C 
stretching \ ibialion <it 1030 cm ' in 0 15, I 0 and 6 0 M niti ic acid concentrations In 
,iddi(ion the band at 1260 cm ' which is assigned to the NO, symmetric slictching 
\ibialion'“' appears in 3 M acid and more strongly in 6 M acid T his suggests that 
the extinction ol uianium by DtTIPA at 3 M acid mav be leprcsented by Equation 
(>X) 

I he above lesults show that the P ► O absoiplion band at 1230 cm ’ is shifted to 
lower liec|uencics by the loim,ition of the uianium-DEHPA complex independently 
ol the ac|ueous nitiic acid concentration, conhimmg that the uianium extiacted into 
DLllPA solution by cithei cation-exchange oi bv solvation is bonded to the 
phosplioiyl oxygen atom 

l< /oioH /((/i/t /Ill/Us -the authoi wishes to thank Mr X Goto ol our 'nsiitute lor assisiaiicc w iih 
cspcnmcntal woik and Atomic 1-ucl Coipoialion loi a eilt ol di-(2-tlh\lheNvl)-phosphoiic acid 

'"R A M cicc L's and J M Iklsco, / Hnnt Phw 27, 564(n>57) 

'"'17 I Pti'i’ VKO and J R riKKAKo, / liu’ii; \ii(/ Client 15, ^hS ( 1960) 

' ' t g H M CiMiiioiisi and A I Comvns J Chun Sni 3965 (195, S) Ci L Cvinow \ H \ vs 

CiiAVH.ind R L I'VCiiR Xaiuul J Chun 38, 772 ( I dtiO) 

I) f Ph’pcro and J R Tirraro J Inoii; iSiicI Chun 10, 275(1959) 

' J Harov and ii !sf ARiai L, 7 liuni; ,\in/ Chun 17 , 337 (1961) 
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Additional samples of the mercury compounds were identified by comparison of infrared spectra, 
n m r spectra (in the case of [C 5 H 5 Fe(CO) 2 ] 2 Hg), and behavior on chromatography or sublimation 
with this authentic sample Analyses were performed by Dr A Bernmardt, Mikroanalytisches 
Laboratorium, Max-Planck-lnstitut fur Kohicnforschung, Mulheim (Ruhr), Germany 

Formation of HgtMntCO)^]™ The analysed sample was obtained by refluxing ~25 mmoles of 
NaMn(CO)r, prepared from sodium amalgam with ~I2 5 mmoles of 1,4-dibromobutane in 100 ml of 
tetrahydrofuran for 2 hr Solvent was removed and the residue extracted with dichloromethane 
The residue from the dichloromethane extraction was sublimed at 100 -140 ,0 1 mm to give 0 85 g 
(11 5 per cent yield based on MnjfCO),^) of pale yellow crystals of Hg[Mn(C(9)5]j, dec ~155 .which 
was purified by a second sublimation 

Analysis Calc for C,„0,„MniHg C, 20 3 . H, 0 0, Mn, 1 8 6 , Hg, 14 0°„ Found C,20 4, H, 
0 0, Mn, 18 8, Hg 33 6"„ 

The formation of HglMntCO)^)^ was also observed in the reactions of NaMn(CO)i with 2-chloro- 
tioponc and with the acid chloride of cyclopropane carboxylic acid The HgtMntCO)^, obtained in 
these reactions was identical with a sample obtained from NaMn(CO)^ and Flg(CN), 

FonnciUon of Hg[Fe(CO)jC„lF.lj The analysed sample was obtained from 100 mmoles of NaFe 
(COliCjHr. prepared from sodium amalgam and 50 mmoles esf succinyl dichloride in 300 ml of 
tclrahydroluran The product was iscilated by extraction of ihe evaporated reaction mixture with 
dichloromethane After evaporating this dichloromethane cxti ad at reduced pressure the residue 
was chromatcigrapfied in benaenc soluiasn on a 6 50 cm alumina column A yellow'-o range band 

ot Hg[Fe(CO) 2 C-,H 5]2 immediately followed by a red-brown band of [CiiHjFcCCO)^)^ was observed 
The mercury derivative was isolated by evaporation ol the eluatc from the yellow-orange band and 
recrystallizdtion of the residue from a mixture of dichloromethane and hexane to give 0 71 g (2 6 per 
cent yield based on [Cr.HiFe(CO)j] 2 ) of orange Flg|Fc(CO).C',H^] 2 ,“'’ m p 145-146^ 

Analysis Calc for C„ff,oFe,0,Hg C, 30 2, H, 1 8, Fe, 20 2, Hg, 36 2% Found C. 30 7, 
H, 1 8, Fe, 20 2, Hg, 35 

The proton n m r spectrum of Hg(Fe(CO) 2 C 5 H 5 ]j was charactcrircd by a single sharp peak at 
T ^ 5 27 due to the ten cyclopentadicnyl protons 

rhe formation of Hg[Fc(CO) 2 C 5 HJj was also observed in the reactions of NdFc(CO) 2 C 5 H, with 
pel fluoroglutaryl diehlondc"' and with (C 5 H^)>MCl 2 (M -= Ti and Zr) The Hg[Fe(CO) 2 C,,Fl 5 ]j, 
obtained in these reactions was identical with a sample, m p 142-144', obtained from Hg(CN )2 and 
NaFeCCOl^CsHs'"’ 

Foimation of Hg[Co(CO) 2 lj The analysed sample was obtained from ~30 mmoles of NaCo(CO)j 
prcfiared from sodium amalgam and 15 mmoles of pcrfluoroglutaryl dichloride in 100 ml of redis- 
lillcd tclrahydroluran After removal of solvent at reduced pressure the residue was extracted with 
dichloromethane Solvent was removed from the filtered dichloromethane extracts at reduced 
pressure and the product recrystallizcd from pentane to give 0 55 g (6 7 per cent yield based on Coj- 
(CO),) of pale orange crystals of Hg[Co(CO)il. which were punhed further by two sublimations at 
60^/0 1 mm 

Analysis Calc for C^OjCojHg C, 17 7, H,00, Co, 21 7, Hg 37 O",, Found C, 17 8, H, 
0 0, Co, 21 5, Hg, 36 8”^ 

The formation of HgfCofCOliJj was also observed in the reactions ot NaColCOli with hexa- 
chloropropene and with aciylyl chloride The Hg[Co(CO ),]2 obtained in these reactions was identical 
with a sample prepared from cobalt (II) nitrate, sodium dithionite ammonia, mercury (11) cyanide, 
and carbon monoxide 

Discussion 

The tendency for the mercury of the sodium amalgam to form mercury dcrivatixcs of metal 
carbonyls in the reactions described above is an important disadvantage of the sodium amalgam route 
for the preparation of sodium derivatives of metal carbonyls since in some cases contamination of 
other products of interest obtained from these reactions with these mercury derivatives occurs 

Gf the three mercury derivatives discussed in this paper HgIMn(CO)jl, is the least likely to be a 
troublesome contaminant in organomctallic compounds prepared Ircmi the corresponding sodium 

W Hieber and W Schropp, Jr , Ber 93, 455 (I960) 

E o Fischer and R BonciiiR, Z Natwf 10 b, 600 (1955) 

'W Hieber, E O Fischer and t Bocmv.-Z anots; Chcni 269, 308 (1952) 
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salt The solubility of Hg(Mn(CO)r,li is so low in dichloromethane, a useful solvent for dissolving 
out organomangantsc compounds from the residues fiom a icaclion mixtuic, that significant quan- 
tities aic not tvtracicd out with the organomanganese compounds It only presents a problem when 
a pioduct Is sublimed directly from a dried reaction mixture without any intei vening extraction steps 
Incidentally, the volatility of Hg[Mn(CO),]_ at ~100 /O 1 mm. although not surprising in view of 
the volalilily of related compounds such as Hg[Co((-0)i]„. docs not seem to have been described 
prcviotislv 

The polcntial csiiitamination problems from Hg{Fe(C'0)T'r,H,,l, and Mg(CofCO)j], produced in 
tliesc reactions arc somewhat greater The iron derivative Hg[Fe(CO) 2 C^H ,]2 is best removed from 
other oiganoiron compounds by chromatogiaphy on alumina in benzene solution or by sublimation 
of a desired volatile product away from the nonvolatile HgfhefCOliC^H.,], The cobalt derivative 
I lg[Co(CO),]j IS probably best removed Irom other cobalt compounds by fractional sublimation 
It IS also to he noted (hat solutions of lithium derivatives of metal carbonyls in (ctrahydrofuran 
can be prepared from a solution ol the biniiclear carbonyl dciivalive such as Co.(CO)^ or MnifCO),,, 
in tetrahydiofuran and lithium wire This method eliminates entirely the use ol mercury and the 
concomitant danger of the tormation ol mercuty derivatives 

Mi/e added in iniiof Since this note was submitted a report has appeared by Gri-fn and Naov'”' 
noting the formation of small amounts of [C t.H.,rc(CO),l_Hg in the reaction tclwcen allyl chloride 
and NaFctC 0)jC prepared with scuhum amalgam 

Acknowledgment The author is indebted to Mr M Bism tie for experimental assistance and to Dr 
F B Brown ol Union Cat bide Olefins, Co , South C'harleslon, West Virginia, for a generous gilt of 
dicobalt octacarbonyl 

^ R B King 

Mellon Inilitide 
4400, r tflh Avenue 
Piltshuii;h 13, Pennsylvanta 

W R MrCLtliAN,/ Amer Cliem Sot 83,1598 (1960) 

M L H Green and P L I Nagy, / Chem Soc 189 (1963) 


Detection of among the products of uranium fission 

( Received 22 March 1963, in reared form 14 May 1963) 

While the shielding requirements of 2 67 v '■•'Pm were recently being investigated in our laboratory 
gamma activities at 0 45 and 0 75 MeV were observed in about equal amounts Although these 
gammas arc in very low abundance relative to ‘^’Pin. they might constitute an appreciable shielding 
problem with very large (Me range) promethium sources The gammas were identified as being from 
1 94 y '‘"Pm, which has been prepared by {p, n) and (p, 3n) reactions''* but has not previously been 
reported among the products of fission reactions For the first few years after reactor discharge the 
radiation from ""Pm is masked by the gammas from 42 d '^"Pm, and even after the '^"Pm has decayed 
away (he lovv abundance of ""Pm makes detection difftcull 

The amount of ' '"Pm formed m nuclear reactors is determined by three different neutron reactions 
One reaction is the production of ""Pm as a direct fission product The fisson yield values predicted 
by the methods of Grummitt and Mhton'-’, Wahl"', Stlinberg and Glendenjn'*', and Pappas' ’ 
are 2 ' 10 ", 8 10 T 12 10 and about 10 “ respectively for the fractional chain yield A 

second reaction is the formation from ''"Pm by a reaction The threshold energy for thG 

E G Funk Jr , J W Mihflich and C F Schwfrdtftofr, P/iyv Rev 120,1781(1960) 

W E Grummitt and G M Milton, Report CRC 694 (AhCL 454) (May, 1957) 

'■"A C Wahi,/ Inorx Nud Chem 6,263 (1958) 

E P SrFiNBLRC, and I- E Proceedintr', of the International Confcvence on the Peateftil 

Uiei of Atomic Cnerj^y, Geneva, \o] 7, p 3 (1955) 

"'AC Pappas, Proceedings of the International Conference on the Peaceful Uses of Atomic Dietgv 
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reaction according to Evfri ing ei al is 7 0 ' 0 1 McV. but they give the beta decay energy as only 
0 75 MeV compared with the experimentally determined value of 1 51 MeV'>’ A value of 7 8 MeV 
was therefore used for the threshold energy to correct for the apparently low mass ol '“Pm as given by 
CvERLiNG According to Roy and Hawtois.''’, this energy corresponds to a cross section for hssion 
neutrons of 5 9 mbarns for the “"Pm (;/, 2n) reaction, with an expected accuracy ol a factor of two or 
three The third reaction is the capture ol neutrons by “'Pm No predicted values for this reaction 
aic available 


Iff’ nr I / 



The initial observation of ““Pm was made while counting promethium obtained from Oak Ridge 
The total beta activity of the purihed promethiumwas dclcrmiiied using a beta proportional counter of 
known eHitienty for “"Pni (calibrated by 4ir beta counting) The gamma activity was measured by 
means of a 5-in Nal (Tl) crystal provided with anti-coincidencc shielding'*' and a Model 3412 RIDL 
400-channel analyser Sources containing about 1 me of “"Pm vveic counted for 30 min To reduce 
the hremsst rah lung count rate, the source was surrounded w ith about 0 14 g cm- of lead 1 he 0 45 and 
0 75 MeV photopeaks of “"Pm were well resolved from each other and Irom the bremssirahlung 
originating Irom the 0 225 MeV beta of “"Pm, as shown in ihc accompanying ligiire The number of 
photons per minute at the two eneigics weie determined Irom the known detector clhciencics and 
coirected for background and the observed sum peak at I 20 MeV The icsults aie summarized 
below 


""Pin activity, />”zii 

3 43 

10" 

Ciamma activity, , fin. 0 45 MeV 

1036 

100 

0 75 McV 

901 

90 

Gammas per Beta, 0 45 McV 

3 02 

10 ’ 

0 75 MeV 

2 63 

10 ’ 
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R W PcRMNS, J M Nillsln and R N Diebu , Rer Sci Insnum 31, 1344 (1960) 
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To determine whether a similar amount of '“’Pm was formed under different reactor conditions, 
a sample of aged mixed fission products available at Hanlord svas also investigated The rare earths 
were separated from the fission product mixture by a neodymium fluoride carrier precipitation The 
promethium was then isolated by ion exchange, using a modified EDTA elution technique"'' The 
teed with added neodymium and samarium was absorbed on a 1 87 cm“ 20 cm bed of Dowex 
SOW-XR (50 100 mesh) A second bed of the same resin (0 775 cm'* 100 cm) was saturated with 
yttrium The columns were eluted m scries at 58 C and 0 7 ml min ' flow rate, using 0 015 M EDTA 
bulTcred to pH 8 6 with ammonium hydroxide Samarium and neodymium separated into individual 
bands behind the yttrium ban ler, with the promethium concentrated between them 1 he promethium 
fiaction contained no detectable radioactive impurities 1 he amount ot Pm”“ observed in this sample 
was similar to the amount found in the Oak Ridge material 

Since ^^'’Pm decays faster than "'Pin (I 04 ' 0 Id v compared with 2 67 y), the observed gamma 
per beta values need to be corrected for cooling lime to obtain the amount at reactor dischaige The 
promethium obtained liom Oak Ridge had been recovered Irom Brookhaven reactor wastes, and at 
the lime ol our measurements it had been cooled about 8 years after reactor discharge The 
activity at reactor discharge was thereloic I 23 10 “ total gammas from "“Pm per beta from "'Pm 

Using a value ol 1 30 gammas per "'•Pm decay the raiio at reactor discharge of "“Pm atoms to ""Pm 
atoms was found to be 6 0 10 ’ 

The irradiation ctinditions in the Brookhaven reactcir vary ccmsidcrably, and the exact conditions 
for production of the promethium used in this work arc not known However, since the quantity 
being measured is the ratio of nuclides of similar half-life, the uncertainty in reactor conditions has 
only a minor effect on the results According to Chastain'"’, natural uranium fuel in the Brookhaven 
reactor is irradiated to a 10- 20 per cent burnup ol the at a thermal flux of about 5 s 10" 
ncutrons/cm” sec, with the fast flux being about 10 per cent of the thermal flux This corresponds to 
irradiation for about 1 6yeais, with the integrated thermal flux (nvt) being 2 6 - 10“" Eor these 
conditions the ratio ol atoms of ’"'Pm to "'Pm produced by the (ii, 2n) route is only about 6 9 lO"" 
if the neutron capture cross section of ‘ *"Pm is smalt, and even lower if the ""Pm cross section is large 
Therefore, over 90 per cent of the “’'Pm is probably produced by direct fission yield 

If the ""Pm neutron capture cross section is small, the yield of "“Pm is 4 2 1 12 10“’ of the 

chain yield The major source ot uncertainty m this value is from the (ri, 2n) cross section A yield of 
8 X 10’’ as predicted according to Wahi would require a ""Pm neutron capture cross section ot 
about 10,000 barns, while a yield of 2 10 " as predicted according to GKUMMirr and Milton 

would require a "“Pm neutron capture cross section of about 30,000 barns Since the fractional chain 
yield IS over 3 10 the predicted value according to Pappas is very low, and the value according 

to Steinberg and Gi fndlnin is at least slightly low The accuracy of the other two values is not 
known since the neutron capture cross section of "“Pm is not known Quite similar conclusions were 
obtained using the data from the Hanford material even though the reactor conditions were not 
the same 
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LETTER TO THE EDITORS 


A method of purification of protactinium from niobium 

( Received ^ 1 May 1 963) 

A STOCK of 125 g of protaclmiurti-231 was recently purified at Windscale and Harwell" and at that 
time spectrographic analysis of the product indicated a total iinpu'-ity content of 0 3 per cent lor the 
impurities detected However, the presence of niobium lines was overlooked in the very complev 
spectrum of protactinium and improvements in spectrographic analysis techniques have now shown 
that this material contains about 4 per cent of niobium Niobium i> very similar to protactinium in 
chemical properties and had followed it through many purification stages involving solvent extraction 
and ion exchange Grosse'-" finally puiihed the protactinium he used for atomic weight determination 
n 1934 by precipitating it as peroxide from sulphuric acid, leaving zirconium hafnium, tantalum 
and niobium in solution Caslv and Maddoi k'" have used a peroxide precipitation stage in their 
purification method 

We have now used this method to obtain about 500 mg ol protactinium containing 0 02 per 
cent of niobium The protactinium was precipitated from 8 N HCl/0 5M Hb as hydroxide and then 
dissolved in 40 ml of 40% sulphuric acid The container was packed around with ice and 20 ml of 
100 vol hydrogen peroxide added, followed by enough ammonia to make the solution just alkaline 
to litmus After 2 hr standing the yellow peroxide precipitate was centrifuged otT, washed twice with 
water and dissolved in cold, 40% sulphuric acid 

Spectrographic analysis showed that about 0 3 per cent of niobium was still present, so the 
peroxide precipitation was repeated In the final solution the following imptnties were found 

Fe Mg Al Cu Nb 

600 10 100 50 - 200ppm 

There is rather more iron than reported on the original solution" but this had probably been 
introduced during our early experiments The detection limit of the special method developed for 
niobium*'" is 200 ppm About 80 per cent of the original niatcrial was obtained in this pure form 
quantitative precipitation was not attempted since residues could be combined wiih a later hatch 
Spectrographic analysis is rather insensitive for the detection of uranium but a determination ot 
uianium on a specimen of the 125 g stock at Oak Ridge National I aboiatory by the isotope dilution 
icchniquc has given a result of 7 p p m 

'^iknowledyeitiem - The spcctiographic analyses weic earnest out by I 7 I3irks \ M Thomas and 

Cj J Wfidrick 

\ J Walier 

(hennstry Division 
U K A E A Research Group 
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Harwell 
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ALPHA DECAY OF NEUTRON-DEFICIENT 
ASTATINE ISOTOPES 

R W Hoff, F Asaro and T Peri man 
Lawrence Radiation Laboratory, University of California 
Livermore and Berkeley, California 

( Recell eJ 3 April 1963) 

Abstract The a-particlc and 7 -ray spectra of neutron-dehcicnt isotopes of astatine were studied 
with a magnetic a-particle spectrograph and a -7 coincidence apparatus A new a-emitling isotope, 
"''“At, was identified, as were new isomers of “"‘At and “"*At Results arc tabulated below 


Mass no 


LdMcV) 

Half-lifc (min) 

“"‘At 

6 342 

L 0 006 

15! 01 

“"“At 

6 227 

_L 0 003 (36 

±2%) 30 ±02 

“"“At 

6 133 

, 0 002 (64 

*- 2\) 

“"“At 

6 085 

±0 001 

7 4-03 

“"'At 

5 948 

' 0 003 

9 3 ±02 

“""Al 

5 896 

h 0 004 

26 2 :: 0 5 

“""At 

5 696 

i. 0 008 

310 15 

“"“At 

5 752 

-- 0 008 

1-4 hr 


Alpha groups with energies ol 6 412 0 009 and 6 465 ' 0 011 MeV (relative intensities about 60 

and 40 per cent respectively) and an overall half-lile of 0 9 0 2 nun are tentatively assigned to 

'""At oL-y coincidence measurements have shown a 68 keV photon to be in coincidence with the 
^ 696 MeV “""At «-parlicles Upper limits were set for photons in coincidence with the other x-groups 
studied No evidence was found for the a-decay of the 25 nun "’"‘At and 2 9 hr “""At electron-capture 
activities which have been studied earlier by other workers 

Thi decade following 1940 witnessed the preparation of a large number of new y- 
emitters covering a span of elements fiom bismuth to new elements well into the 
transuranium region Perlman et r//*’* showed that the decay propcities of these 
new alpha emitters could be correlated with those of previously known ^-emitters 
.ind that systematic trends existed winch could be employed m predicting properties 
1 alcr eorrelalioiis,'“’ whicli included new infoimation for 7 -cmitters obtained during 
the past decade, have extended these systcmatics to the 7-decay of the heaviest known 
elements and have enabled meaningful piedictioiis to be made foi the decay of 
nuclides even heaviei than those known today One of the most usetui regularities 
lor predicting decay properties is the iclation between 7-energy and the mass number 
Alpha decay energy increases regularly with decreasing neutron number for a given 
element m the region N 128 Thus, a family of neaily straight parallel lines are 
fnrmed by joining points for isotopes of each clement A shaip discontinuity m this 
SOI relation occurs at N - 127 due to the increased stability at the major closed shell 

''' Work performed under the auspices ol the U S Atoniie tncigy t ommissioii 
"I PiRLMAN, A tiHioRSO and G T SrAliOkii Phw Rci 77, 26tli50) 

’’ R A Glass S G Thompson and Ci T Spamoro, y Inoip; Ai«/ Clum t, 3 (19S5). B M 
Foriman and G T Siaboro, Ihu! 7, t()5 (1958) 
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of' J2() neutrons The alpha decay energies decrease sharply and reach a minimum 
at 125 neutrons Theie then follows another region of regularly increasing a-cnergy 
below the closed shell The astatine isotopes investigated in our work he in this 
region just below the 126-neulron closed shell The preliminary results wctc reported 
111 an eailicr publication 

Among the difficulties in studying these nuclides are that they cannot be produced 
singly, and the hall-lives aie rather shoit for rigorous chemical separation and 
detailed incasuiemcnt of decay piopcities It should also be boine in mind that all 
are unstable with lespcet to electron capture 

The original study of the decay of neutron-deficient astatine isotopes was per- 
fotmed by Barton ct cil They produced astatine isotopes in the mass numbei 
range 201 209 by ii radiating bismuth with high-energy helium ions Farticulai 
emphasis was placed upon chaiactcii/iiig half-lives and y-particle energies, for which 
they used an loni/alion chamber connected to a multichannel pulse-height analyser 
M ass numbei assignments foi -'*‘At--'’‘'At were made by chemically separating and 
identifying clectron-captuie (oi positron) decay pioducts of lower atomic number 
In some instances, relative yields for the pioduction of specihc isotopes as a function 
of bombaiding helium-ion energy seivcd to aid in the assignment of mass number 
Later woik by SioNCR*’’’ yielded more detailed information for the decay of astatine 
isotopes with mass numbers 206 209 

In the past few years heavy ions have been intioduccd as projectiles for the 
production of neutron-deficient isotopes The irradiation of most targets with heavy 
piojcctilcs such as carbon or nitrogen ions will produce excited compound nuclei in 
themselves neutron-deficient and which de-e\cite by boiling off several more neutrons 
Bl'rc HAM**’’ and Stoni r*’* studied light astatine isotopes produced in the bombard- 
ment of gold and platinum targets with carbon and nitrogen ions In particular, they 
observed the a-decay of '^‘^'At, -"'’At and -"'At and conhrmed the lesults of Barton 
et A paper by Forslinci cv «/*"* describes tlie results of a study of astatine 

isotopes produced in bombardments of gold targets with cyclotron-accelerated carbon 
and neon ions Following chemical purification, the astatine fractions were analyzed 
by use of an electromagnetic isotope separator After isotope separation the alpha 
decay of astatine isotopes with mass numbers 202-207 was measured in an ionization 
chamber-pulse analyzer combination These results of Foksling el a! are m geneial 
agreement with our data 

A recent investigation by Latimlr et of ly-particle branching ratios foi 
21)2 in which the astatine isotopes were produced with heavy ion projectiles 

yielded decay properties for these isotopes m agreement with our results Thomas 
et al have measured complete excitation functions for the production of ""'^Ai 
With carbon and nitrogen ion projectiles on targets of gold and separated platiiniin 

R W Ho}}, F Asaro and I Pirlman, B«// Amer Pins Soc Ser 11,44,293 (1959) 

'n Cl W Barion, A Guiorso, and I Piriman, R/im Rcr 82,13(1951) 

''-■’A W Stonlr, Report UCRL- 3471 (1956) 

W E BuROHAMandB C Haywooo, /’rat Pln'i Soc (London) 69 A, 862 ( 1956), W h Burcm’ 
Ibid 67 A, 555 (1954), W E BuRt ham. Ibid 67 A, 733 (1954) 
o) W Forslinci, T Alvaofr, L W Holm, O Melin, J Uhlir and B Asirom, y4rA/;> FyuA 19 
83 (1961) 

‘"1 R IVt Latimer, G E Gordon and T D Thomas, / Inor^^ Nucl Chem 17, 1 (1961) 

ID) T D Thomas, G E Gordon, R M Latimer and G T Seaborg, /’/ o's' Rev 126,1805 (196 
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isotopes These excitation functions, along with the isotope separation studies of 
Forsiing et provide the most conclusive supporting evidence for the mass 

assignments which were made in our original publication"* and which were based 
upon experimental evidence to be described in this paper 

The present investigation is confined to the alpha decay of the astatine isotopes 
(mass numbers 200-207) produced m appreciable quantities in iiradiations of gold 
targets with carbon and nitrogen ions in the Heavy Ion Linear Accelerator (Hilac) at 
Berkeley The use ol heavy ion projectiles m the production and study ot light 
astatine isotopes is advantageous because interfciencc (rom heavier isotopes (A 207) 
IS reduced relative to the situation with helium ion irradiations of bismuth The 
formation of lighter products is favoured for two reasons First, the compound 
nucleus is lightci for caibon ion bombardments of gold (-"'’*At) as opposed to that 
for helium ion bombardments of bismuth (-"^At). aird second, the high Coulomb 
barrier for carbon ions eliminates low nuclear excitation of the compound nucleus, 
even when thick taigets are employed 

In the present study the high intensities of carbon and nitrogen ions available in 
the Hilac made it possible to piepaic samples strong enough loi y-particle analysis 
using a magnetic 7-paiticlc spectrograph The energy resolution was several-fold 
better than that possible with loni/ation chambeis, Iheiefore it was easier to resolve 
the several components picsent in each sample 

FXPFRIlVirNTAL MFTHODS AND RLSULTS 
A lung'd pi i'/xiiaiiun hinnhiiii/nu ni. and cheninii \ 

The target consisted ot a gold foil in front of which theie was usually interposed an aluminium 
absorber fi)il By using dillcrciu ihiekncsscs ol alununium as well as gold it was possible to control 
the eiieigy band to which the target atoms were exposed and in this way lo change ihe ratios of the 
Several astaiiiie' isotopes produced This scleeiivily althougl etude, was s idlcient to make mass 
niiinher assignments the inlormauon so obtained is shown m Table J and will be discussed below 
rile c.irbon ion beam intensities were in the range of 1-2 iniero-amperes 1 he target and absorber 
foils weie cooled with streams e’t helium gas vshieh had been pieeoolcd by llowing through a coil 
immersed in liquid nitrogen The entire target assembly seivcd as a Faraday cup loi monitoring the 
beam 

Following the bombardment the target holdei was remosed Irom the Hilae and disassembled 
inside a glove box The gold foil was removed and placed inside a small quartz eup which was heated 
with an oxygen meth.ine torch The gold toil was melted and the volatile speeics astatine peilonium 
and certain fission pioducts, were eollceied esn a water-cooled plate usually platinum The activity on 
this plate served as the source tor alpha speelresgraphy recoil colle’elieins and y ceiincidenec 
Measurements As some ol the niielides studied had vciy short halt-livcs eg as shesrt as 
I min. the above proecdeirc was eairied out as lapidly as possible To expedite moving the sample 
from the Hilac building lo the a-pailicic speelrogiaph approximately one-quarter mile iht prepara- 
tion ol the source was performed in a glove box mounted on a tniek during the trip between buildings 
The minimum elapsed time rceoided between the end ol bombardment ind stait of exposure in 
the spceliogiaph was 1 17 sec 

B y-Partule <if>ei Iroguipli i esiilfs 

Magnetic analysis was perfoimcd with a 180 double-focusing spectrograph'"” 
cmplciying a photogiaphic plate as the detector With a seuircc 3 nun 20 innt it 
was possible to obtain an cncigy icsolulion of 0 25 pci cent at an instiumcnt tians- 
mission factor of 5 10 ' Tlie souicc was obtained in the foiin of the indicated 


R c PiucrR, Jr , Repot 1 HCRl -^877 (1957) 
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band by collimation in the vol.ilili/ation procedure used to separate the astatine 
fraction from the target 

The energies, half-lives, and relative intensities of the alpha groups of astatine 
isotopes with mass numbers 200-207 are listed in Table 2 The entry ji^jEC in 
column 3 of Table 2 means this mode of decay was indicated by the identification of 
the corresponding polonium daughter collected by a “rccoif process It should be 
emphasized that all of the astatine isotopes studied here must be unstable with respect 

T^BL1 2 — DaIA on ASTAIINr ISOlOI’lS (nils WORK.) 


Mass 

no 

Halt-life 

Type of decay 

y-panicle 
energy (MeV) 

Relative 
intensity ( "„) 

207 


1 4 hr 


5 752 

0 008 


206 

31 0 

1 5 nun 

'/ 

5 696 

0 008 


205 

26 2 

0 5 nun 

'/ 

5 896 

0 004 


204 

9 3 

0 2 nun 

y,/<’ /I C 

j948 

: 0 003 


203 

74 

0 3 nun 

'X 

6 085 

0 001 


202 

3 0 

' 0 2 nun 

7 // /rc 

6 227 

0 003 

36 ^ 2 


29 

0 2 nun 


6 133 

0 002 

64 2 

201 

1 5 

0 1 nun 

yj /rc 

6 342 

0 006 


200 

09 

0 2 min 

y ti /l-C 

6 465 

0011 

-40 





6412 

0 009 

~60 


to electron capture and therefore the half-Ii\es listed are not the partial y-decay half- 
lives 

The 7-gioup ol -''■'At was adopted as an internal energy standard and was first 
measured relative to -*-Cm y-partieles in a uniform-field 7-paiticle spectrograph with 
a more precise energy calibiation This spcctiograph, a 60^ symmetrical magnetic 
analyser, has been described clscwheie A source was pieparcd on which “^-Cm 
was first deposited through vacuum sublimation followed by the volatilization of 
astatine 203 from a gold target The ’"’At group fell between the two y-gioups of 
■'’Cm which lead to the giouiid slate and (iist evcitcd stale of ’‘‘’Pu With relerence 
to the energy for the ground slate decay of ’’’Cm (y„ — 6 I 10 MeV)'”' and the energy 
dilTercncc between the ground stateand fiistexcitedstateof Pu”‘’(A/, 44 1 1 keV),*”' 

the value for ’"’At 7 -particlc encigy is 6 085 ' 0 001 MeV The eneigies of the other 
astatine (z-groups were measured lelativc to ’"*Al in the 180 7-spcctiograph 

Figures la and lb show the results of successive exposures m the spectrograph 
through which the half-litc associated with each y-group was determined The 
isotopic assignments identifying the different decay ciiives weie arrived at through 
the experiments desciibed m the following section 

C hotopu a^si^nineiUs 

It has already been mentioned that the method loi piepaiing speed ogiaph sources 
by melting the gold taigets and collecting the volatile species would not yield a puie 
astatine fraction, m paiticular, much of the polonium fiaction would be expected to 

""F L Ri YNOLos, Su Imtiimi 22,749(0)51), I -Xsvro, k L Ri v \oi ns anUl Pi rlman, 
Phvs Rev 87, 277 (1952) 

h Asaro, S Cl Thompson and I Piriman. P/ns Rit 92.694(1953) 

W G Smith and J M Hollanoi r, P/n i Rn 101 . 746 ( I9S(,) 
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dppe.ir with the iistatine I he lop part ol Fig 2 shows a spectrum ovci a limited 
range of y-encrgics from a typical irradiation A second irradiation was then per- 
formed under identical conditions after which the platinum plate on which the activities 
were collected was heated gently o\ci a gas flame before mounting in the spectrograph 
Although manifestly crude, this form of “blowtorch chemistry" is quite effective in 
removing astatine without removing appreciable quantities of polonium The bottom 
part of Fig 2 shows the result of this treatment and, by diflerence, idcntifles quite 
clearly those alpha groups, which belong to astatine A small peak attributed to 
“"■’At was present aftei flaming, but as this comprised less than I per cent of the 
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ainount which should have been present originally, the separation was 99 per cent 
complete (The energy range covered in the second exposure extended to a slightly 
lower energy and this accounts for the appearance of the “’“Po peak in its spectrum ) 
The astatine a-groups with energies higher than 6 MeV arc shown in Fig 3 Two 
groups are indicated as belonging to ’"^At because the half-lives were the same (sec Fig 
1 ) and because of their constant intensity ratio when ditTcrent bombardment conditions 
were employed (see later paragraphs) Similarly, the two weak groups at 6 412 and 
6 465 MeV have been assigned to the same isotope, tentatively -'"At 

The isotopic assignments of the several astatine y-groups were deduced in part 



Irom relative yields of the different species upon varying the carbon ion energy The 
data are summarized in Table 1 The upper section of the table lists the thicknesses 
ot the aluminium energy degrading foils and the carbvin-ion energy band expended in 
each gold target The relative yields of the vaiious alpha cmittcis pertain to the a- 
paiticle intensities at satutation In order to obtain these numbers the intensity of 
each alpha peak was corrected for the decay before counting began and coirected to 
formation saturation in the bombardment All intensities for each bombardment arc 
normalized to an intensity ot unity for the 7 4 min -®'At activity except for the ex- 
pel iment in which no “”^At a-paiticles were detected 

Further evidence for the isotopic assignments was found by use ot a recoil 
collection technique It was found that polonium atoms weie collected on a plate, 
eithei platinum or aluminium, placed 1 cm above a thin volatilized astatine source 
with a negative potential of 300 V applied to the collector plate A senes of collections, 
usually of equal length, was made The a-activ itics on the collector plates v\ ere follcswed 
for decay m an a-pulse-hcight analyser The activity ot each polonium isotope was 
corrected to the time at the end of each collection to produce a decay curve of the 
parent (see Fig 4) We postulate the recoil mechanism occurring here involves the 
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elctlron-capturc decay (or less probable position emission) of the parent astatine 
nuclei with subsequent collection of positively charged polonium nuclei Jf polonium 
wcie being lost from the source piedominantly by vapouri/ation or ionization caused 
by collisions with z-particlcs, one would not expett to see the observed divergence in 
paieiit hall-lives foi the vaiioiis polonium isotopes 

“"'At This well ehaiactciizcd isotope*' has been shown in other work to have 
an alpha jvarlielL eneigy ivf 5 75 MeV and a half-life of about 1 8 hr In the present 



Minute'5 after start of first collection 


FKi 4 — Decay cuives for delei mined from the collection 

of iccoil atoms of polonium 


work the ^"'At serves principally to help identify mass 206 Our best value for the 
o’-particle energy is 5 752 L 0 008 MeV with a half-life of between I and 4 hr 

■""At An isotope of astatine with this mass number was characterized*^ as 
decaying by electron capture with a half-life of about 3 hr The isotope was prepared 
by irradiating bismuth with a-particles and identified only through periodic removal 
of the electron-capture decay product, ‘‘'"‘■Po Subsequently, a number of authors have 
reported """At to be an o'-emittcr with a half-life of 20-30 min In all of these studies 
heavy ion reactions were used to produce astatine isotopes The interesting question 
of whether theie are two isomers of ^"®At will be set aside as we shall only be concerned 
here with the z-emittcr 

Our best values for the half-life and of-particle energy are 31 0 b 1 5 mm and 
5-696 L 0 008 MeV This half-hfe, based upon improved statistics, is different from 
that given in our initial report*"' and is in better agreement with the value 29 5 T 0 
mm given by Latimlr ct The a-group was formed m measurable yield only 
with the lowest energy carbon ions and was thus believed to arise from the reaction 
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3/j) or possibly In) There had been rather good evidence that in 

heavy elements such as gold, C, 2n reactions have very low cross-sections As can be 
seen from Fig 5, both the 5 696 MeV group and that of ^o’At were clearly seen in a 
bombardment of gold In the corresponding carbon ion bombardment (Fig 5) 
the '“’At intensity dropped by nearly two orders of magnitude with respect to the 
5 696 MeV group, thus establishing that the latter was not due to an isomer of “’At 
but probably to “®At Complete excitation functions with carbon and nitrogen ion 
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projectiles using thin targets of gold and separated platinum isotopes gave moie 
convincing proof that this alpha emitter is “'’®At 

L/\timlr et al have reported the half-hle as 29 5 0 6 mm and have found that 

a-decay is the rare decay mode, as slightly moie than 99 per cent of the ■^'"'At atoms 
decay by electron capture Forsiinc. and co-woikers*’^ apparently obtained some of 
this activity at mass 206 using a mass separator although there was more than one 
alpha group present, a finding not in keeping with the present measuiements (see later 
discussion) 

“'’At In the present study, this isotope was presumably made by the ’’C. 4/1 
reaction and was the only one detectable othei than “'’At when the mavimum carbon 
ion energy was 59 MeV Its yield relative to that of At-''" mcieased with increase m 
projectile energy Its half-life was found to be 26 2 L H mm And the a-cnergy, 
5 896 1 0 008 MeV This isotope was fust identified by BvRroN ct al thiough its 
genetic relationship with “’’Bi A mass separation by Forsunc. ei a! made the 
mass assignment definite These authors reported an x-energy of 5 90 - 0 03 MeV 
and a half-life of 28 3 mm Other workers*'" determined excitation iunctions for 


'“'C. E Gordon, Report UCRL-<X)8t (060) 
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the Au(C, 4n) and l’t(N, 5n) icaclions, all in agreement with the isotopic assignment 

20-, At 

-”^At The preliminaiy icport on this work*'*’ gave essentially the same properties 
as those repoited here half-iite 9 3 t 0 2 mm x-energy 5 948 Jr 0 003 MeV This 
isotope was the next to appear after ™^At when the carbon ion eneigy was increased 
to 86 MeV from 39 MeV (see Table 1) It was also possible to colleet recoils from its 
electron capture decay to show that the parent of the -'’"’Po collected had a half-hfe of 
about 9 mm (sec Y ig 4) fORsi inc, et al found an isotope of astatine with similai 
piopeities at mass 204 although the associated x-gioup seemed to have an unusual 
spread for a single gioup F urthei conhimation on the mass assignment came from 
the excitation functions of Tnovixs er a! who found this activity to appear properly 
for the reactions Au('-C, In), ''"TtCN, 6/i), and ’‘>’^Pt(“N, 8/i) 

rheeaily woik by Harion c/ ri/ *'•, employing the genetic relationship with knoxvn 
bismuth activities obtained evidence of a 25 mm period foi “"‘‘At They could find 
no x-branching foi this isotope o( astatine Lmimi r, Gordon, and Thomas**^' could 
not find this activity vshen they searched for -‘"‘Po in the decay products of an astatine 
fi action The only dilfereiicc between the two expeiiments was that in one case 
astatine isotopes weie made by the iriadiation of bismuth with x-particles and in the 
other with heavy ions on lighter target matciials The question of whether or not 
theie are isomeis of -"‘At decaying independently remains umesolved 

“"‘At The properties found here foi -"'At (half-life 7 4 [_ 0 3 mm, x-energy 
6 085 i 0 001 MeV) are in good agieoment with those oi Rarion e/ a! who gave a 
tentative mass assignment from Table 1 it can be seen that the appcaiance of this 
activity and its relative yield to other activities as the projectile energy was further 
ineieascd favours the assignment to mass 203 The more complete excitation functions 
of diiOMAS et u/ "" piovide moie convincing evidence Finally, Forsi INO et n/ 
showed that a similai isotope appeared at mass 203 when their astatine fraction was 
mass-sepaialed 

“"“At This isotope has two measurable x-groups, 6 227 -| 0 003 MeV m 36 L 2 
pel cent abundance and 6 113 | 0 002 MeV in 64 1 2 per cent abundance, and decays 
with a half-life of 3 0 ; 0 2 mm These properties are essentially the same as those 
given m the preliminary icport The data of Table 1 shows that the mass assignment 
202 is reasonable The collection of recoils in which was identified and shown 
to be the product of a 3 min parent gave further proof The experiments of Forslino 
et a! with a mass separator yielded alpha particles of 6 13 MeV at mass 202 but did 
not show clearly the second group reported here It is possible that this discrepancy 
IS statistical in origin, since Forsling et a! were dealing with very weak samples 

It IS interesting to note that the activity described here was not seen in the ex- 
periments of Barton et even though they saw clearly the 7 3 min ^""At and a 
1 7 min activity which will be assigned to -"'At This situation resembles the findings 
already mentioned for the other odd-odd astatine isotope in which different bombard- 
ment conditions seem to produce different isomers 

‘^"‘At An x-emitter with a half-hfe of I 5 T: 0 1 min and an x-particle energy ol 
6 342 d 0 006 MeV has been assigned to “"'At It first appeared when the maximum 
caibon ion energy was 108 MeV and increased in yield relative to ^"^At as the energy 
was further increased (see Table 1) The recoil collection technique showed the appear- 
ance of ^"'Po with a half-hfe for its parent of 1 6 mm (sec Fig 4) This same activity 
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was seen by Barton et cil but they could not establish the mass number other than 
to say that it was lower than ^'^’At Similarly, this activity was seen by Forslinc, el a! *•' 
but in amounts too low to obtain a mass analysis 

“•'"At Two a-groups with a half-lifc 0 9 j 0 2 mm and energies of 6 412 t 0 009 
and 6 465 i 0 011 MeV have been tentatively assigned to -“*’At These groups are 
very likely the same as the 6 50 MeV group seen by Barton et a! which had a half- 
life of 43 sec and was designated as -"“At 

Other (ictii ities Several activities not alieady discussed in detail appeared in these 
studies They are evident m Fig 2, where they arc seen to persist when the astatine 
IS removed by gentle heating Most it not all ol these activities have been seen by 
othcis, and conclusions as to their identities are summarized in Table 3 Decay curves 
foi these nuchdes are shown in Fig 6 



FUi 6 — loni7alion chainber mcasuicmcnl of decay of polonium sample 
collected as recoil atoms Irom election eapuirc ot asiatine 

-"’Po The group at 5 580 L 0 010 MeV with a half-life of 44 mm is identified 
as “"-Po, which has been found to have similar properties by a numbet of investigatois 
and has been proved by FORSiiNtr and Al\\(.ir*''’ dchnitclv to have the indicated 
mass number As already mentioned, the present studies have shown b> the recoil 
collection technique that the -’"-At patent has a half-lifc of 3 mm A summary of 
genetic relations for this and other activities is given m Table 4 

“"‘Po Similarly, a group at 5 674 L 0 009 MeV is identified as -"'Po. which has 
been already characteii/cd by othcis, as summaii/cd in Table 3 Its parent, -"'At. 
has a half-life of 1 5 mm 

2oimp^^i873,) An a-group at 5 780 i 0 007 MeV with i half-life of 8 7 - 0 6 mm 
IS less easy to identify It is genetically lelated to an astatine isotope with a half-life 
of 1 5 min, just as is -"'Po Furthcimore, the intensity ol the 5 78 MeV group in the 
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Alpha decay of neutron-deficient astatine isotopes 


Table 4 - Rlcoil data 



a-parlieic 

llalf-lifc of 

Hdif-life of 


Isotope 

energy (MeV) 

Po isotope (min) 

parent (nun) 

Paicnt 


5 58 

44 7 ' 

22 

Normalized to 

202At 





30 


20ipo 

5 68 

153 : 

08 

15 0 1 

-"'At 

201, „po 






or 

5 78 

8 7 

0 6 

15 0 2 

20, At 

•“'Bi 





20opj3 ) 

5 86 

11 0 _ 

1 0 

0 9 0 1 

-"“At ■’ 


TaULE 5 RtLAIISh VIILOS* <>1 At ISOtOPtS UNUtRC.OINC, OrCAV 
ro Po (OR Bi) ISOTOPES 


Absorber 

Beam 

Reldiive yield, for 

or-pailie'lc cne 

rgy of 

(Al) 

energy (MeV) 

5 58 MeV 
(““Po) 

5 68 MeV 
(“"‘Po) 

5 78 MeV 
(•""'"Po or 
""Bi) 

5 86 MeV 
(““"Po >) 

None 

125-118 

1 00 

0 24 

0 19 

0 28 

None 

125-118 

1 00 

0 31 

0 27 

0 17 

0 001 in 

118- 110 

1 00 

0 12 

0 09 

0 014 


* These yields are the relative At eleelron-eapturc decay rites at the end of a satura- 
tion bombardment multiplied by the Po '>-branchin» ratios and the rceoil efiicieneies foi 
the vat tons Po isotopes 


Tarie 6 - RFtATtvt Ytrutis* or Po isoiopis tN ihf ot-PARTictr. spec troc.rapii 

I XPl RIMI N ts 


Absorbei 

Beam 

Relative yield, lor 

-/-pai tiele energy 

of 

(Al) 

eneigy (MeV) 



5 780 MeV 




5 580 MeV 

5 674 MeV 

("""'Poor 5! 

6 

r., 

< 



("’-■Po) 

(-'"Po) 

"’‘Bi) 

t““"Po ’) 

None 

125 108 

1 00 

0 29 

0 64 

0 59 

0 001 111 

118-97 

1 00 

0 43 

0 76 

0 14 

0 002 111 

108-87 

1 00 

0 03 

0 05 

0(32 


* These yields arc the relative Po alpha decay lales at the end of a saturation 
bombardment 


recoil spectra follows roughly that of -^'Po (5 68 MeV) when the bombardnieiit 
energy is changed (see Table 5) This also suggests that both alpha groups have the 
same astatine parent The data of Table 6 also agiec with tins intcipretation m 
showing that the 5 674 and 5 780 MeV gioups follow cMeh otliei in intensity in the 
spectra taken on the astatine fraction without separation lioin polonium As both 
groups w-ith different half-lives have -"‘At as the paient, this means that either the 
5 780 group comes from an isomer of “’"'Po or from (the -"^At a-decay product) 
ff IS possible that the data of Forsi ing and Ai v vciLr could bear on this question but 
intercompansons arc sufficiently difticult to discourage any deductions which would 
result 
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^™*Po The 7-group at 5 86 MeV with a ha!f-Iife of about 10 nun has been assigned 
by Foksi INC, and Ai va(,er to "'*'’Po As seen in Tables 4-6, this alpha emitter is only 
lormed at the highest carbon ion energies, and it appears to have a mass number 
201 1 he half-life of its paient agrees well with that associated with the two alpha 

groups of 6 412 and 6 465 MeV in astatine fraction As these groups were tentatively 
assigned to “‘"V\t, the 5 860 MeV groups arc tentatively assigned to Po"*^ Our best 
v<ilue foi the half-life is 10 5 t I min 

D Mhcme studies 

!n an attempt to establish paitia! decay schemes for the 7-decay of the astatine 
isotopes, a senes of y-y coincidence measuicments were performed The experi- 
mental .ipparatus included a /me sulphide detector for 7-parficlcs and a sodium 
K^idide detector for y-rays After condensing the astatine vapours from the target on 
a 0 001-in aluminium foil, this source was placed so the 7-particles would impinge 
on the 7inc sulphide The pulse height distribution from the zinc sulphide was such 
that individual 7-grcsiips from the various astatine isotopes could not be resolved 
Thus, the 7-particle detector was set to feed pulses from a wide range of energies into 
the coincidence cncuit The actual a-particle pulse-height distribution was measured 
by counting a separate fiaction of the astatine activity m a gi idded ionization chamber 
and pulse-height analyser combination The ^'-radiation from the source pcnetiated 
the 0 001 -in aluminium source plate plus a 0 005 in aluminium reflector to stiikc the 
sodium iodide dctcctoi, whereas conversion electrons of 180 keV energy were 
absorbed by the aluminium fn the 7 -y coincidence circuit, the pulses from the two 
detectors were given appropriate amplihcation and fed through a coincidence unit with 
I 5 /isec resolving time The y-spcctrum in coincidence with 7-pai tides was recorded 
with a 100-channel pulse-height analyser 

In Table 7 the results of these measurements are listed m the form of upper limits for 


TAiiLf 7 — y y coiNt intNi r oaia for“' -"*At 



Upper limit for coincident 

Isotope 

20-100 keV photons ("0 

20, At 

02 

"^At (6 23 MeV) 

0 6 

^"^At (6 13 MeV) 

05 

-"’At 

02 

2l„At 

1 2 

in .At 

t 1 

MflAt 

Observed 68 keV photons 
in coincidence with 5 70 

MeV alphas, in 16 1 3% 
abundance 


photons in the energy range 20-100 keV m coincidence with ot-particles from the decay 
of the isotope listed Similarly, no coincidences were observed for photons with energy 
greater than 100 keV The upper limits for these occurrences necessarily increase with 
increasing energy due to a decrease in detection efficiency in the sodium iodide crystal 
for y-rays above 100 keV 
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WATER ASSOCIATED WITH THE BIS(8-QUINOLINOL) 
DIOXOURANIUM(VI) CHELATE EXTRACTED 
INTO CHLOROFORM 

D R GhRt* and C E Mlloan 

Departnienl ol Chemistry, Kansas Slate University Manhattan, Kansas 
( Receu i-d 1 1 June 1 962) 

Abstract- The number of molecules of water associated vrith the 8-cjuinolinol chelate of uranium (VI) 
when it was extracted into chloroform was found to be 5 a 2 molecules 

WiitN faced with devising a new extraction separation scheme, one is presented with 
the problem of deciding what solvent would most advantageously extract the species 
of interest Very little theory exists in the area of the extraction of metal chelates into 
immiscible solvents Several empirical rules exist in dilTerent areas, but few have 
general application It is well recogni/ed"' that the solubilities of the compounds in 
the respective solvents have little bearing upon the distribution of the species between 
the two solvents at the liquid )unction This may be due to the fad that w'hcn com- 
paring relative solubilities of the species betw-een the two solvents, the actual species 
which IS extracted has not been fully idcntihed Perhaps the nature of solvation of the 
chelates m their respective solvents determines to a large extent where the species will 
icsidc when confronted with two differing solvents 

Mn OAN and BKANtn'-’d* measured the number of water molecules associated with 
the benzohydroxamic acid chelates of uranium(Vl) and iron(III) when extracted into 
l-decanol A general lelationship was established between the amount of water 
soluble m a given alcohol and the amount of chelate cxtiacted into that alcohol They 
lound b ' 1 molecules of water associated with the uramumfVl) chelate and 9-3 
associated with the iron(III) chelate 

Although this was the first published account of the measurement of water associ- 
ated with extracted chelates, Swii i and A\i i kod*''^ had been interested m this idea 
m 1940, lelative to the extraction of feme chloride into cthci from aqueous solution 
This sort of inlormation has been sought more recently m the field of inorganic 
ex tract ions such as the extiaction ol hydiatcd acids described by Tix k and Diamond •’’’ 
It was felt that the work on extracted chelates should he extended to see if the 
association of water molecules was present only in alcohol solvents oronly with neutral 
chelate extractions as opposed to lon-association chelate extractions The purpose of 
oui current research is to deleimme to w hat extent if any, the solvent, ligand, anion, 
. nd central metal ion play in the associated waters of chelate extractions 

* Abstracted from a thesis submiUed by Dennis R Gere to ihc graduate school of Kansas State 
University, May, 1962, in partial tulhllmenl ol the requirements for the degree ol Master of Seicnce 

G H Morrison and H bnunrYK, Soli enl E-Klrticlion in ‘inahlical Cht mi',!/ \ J Wilcv tsew V ork 
(1957) 

C t MreoAN Doctoral Thesis, Purdue University ((959) 

C I Mlloan and W W Brandt, / /nerg Nuc C/icw , 24, 1645 (1962) 
f H Swift and J Avfirod, / A//u'i Chem Soc 62,13 (1940) 

'' D G Tuck and R M Diamond, / P/;h Che//i 65, 193 1961 
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Of particular interest is the limit set upon photons in coincidence with the 6 13 
MeV group of -"“At Since a-groups at 6 23 MeV and 6 1 3 MeV are assigned to the 
decay of 3 0 min “"“At, a 100 keV transition or other lower energy multiple transitions 
might be expected to follow the 6 13 MeV 7-giotip The upper limit for photons 
(20-100 keV) of 0 5 per cent in coincidence with the 6 13 MeV s^-particles suggests 
the transition or transitions de-cxcitmg the '""Bi state populated by this c/-group are 
highly converted or delayed A measurement of the upper limit for L X-rays in 
coincidence with the 6 13 MeV gioup indicated less than 25 per cent of the 6 13 MeV 
group is followed by a prompt converted transition, so the transition is apparently 
delayed Jt is possible to postulate alternative schemes involving isomers of “"“At 
with the same half-life which would explain the experimental observations All such 
schemes seem less likely explanations than the above suggestion of a delayed transition 
between two levels in the daughter nucleus 

In the case of “""At, 68 keV photons were observed in coincidence with the 5 70 
MeV !x-particles in 16 J 3 per cent abundance There were no alpha peaks neai the 
5 70 MeV “""At group with an intensity as high as 16 per cent Therefore, it is likely 
the 68 keV y-ray de-excites the stale populated by the 5 70 MeV a-group The 
conveision coefficient for this transition, if there arc no alternative modes of decay, 
would be 5 3 I 13 This is m good agreement with the theoretical value of 6 3 for 
an Ml transition, which was obtained from the theoretical /.-shell conversion co- 
efiicicnts of Si and an empirical value of 0 7 foi the ratio of L-shell to total 
conversion In order to confirm this dexay sequence. y-L X-ray coincidence measure- 
ments were made with the 5 70 MeV group Because of the relatncly large correction 
due to the absoiption of the low-encrgy L X-iays, then intensity is very sensitive to 
the exact energies The L X-ray intensity coiicsponds to a conversion coefhcicnt of 
9 4 ' 0 9 if all the L X-rays originate in the Z-m suhshell. or to a aluc of 6 0 0 6 

it they oiiginatc in the L, suhshell Ihesc values arc roughly consistent with the 
value of 5 3 A I 3 deduced from the ;'-ray intensity and confirm the multipolarity 
assignment huither confirmation of the decay sequence came from a measurement 
of the alpha spectrum with a In a-chamher coupled to a pulse-height analyser In 
this experiment a broad double peak was observed in contrast to the single peak found 
in the magnetic spectiogiaph experiment These ohseivations indicate abundant 
conversion electrons m coincidence with the 5 70 MeV group 


DISCUhblON 

The light astatine and polonium isotopes which we have studied lie just bcTow' the 
major closed shell at 126 neutrons A plot of alpha decay energy vcisus neutron 
number for bismuth, polonium, astatine and radon isotopes (Fig 7) demonstrates the 
smooth dependence of decay cncigy upon ncution number below the closed shell 
The light isotopes of both astatine and polonium lie on neai ly straight lines in this plot 
Although no experimental evidence is available for the spins and panties of the 
states involved in the a-dccay of the light astatine isotopes, certain information 
'egarding these states can be mfetred from experimental measurements of spins of 
'icighbouring nuclides The spin of the “"At nucleus has been measured and found 

L A Snv and I M Band. Tahh of r-Ra\ Comenum Co~vffi nettle Pan 2 Physico-Technical 
Institute, Academy of Science, Leningrad, U SSS (f")58) 
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to be Similaily, the spins or-"'Ui, -“'‘Bi. and -""Bi (Siid proton) have been 

mc.isuicti and tound k) be According to shell model theory the 83rd and 85th 

odd protons aie in j states Thus, it might be expected that the alpha decay of the 
odd-mass isotopes, asialmcs 201, 203, 205, and 207, involves unhindered tiansitions 
between nuelei whose giountl states all have , contiguiatums The experunental 
results loi these luietides aic eonsisiciu with such a pieniise since only one 'y-gioup 
was found lor each nuclide and theic vvcie no photons eomeident with these 7 -groups 



bii) 7 a-deeay ciKigy Versus iKiiiron nuinbsi loi esi tain isotopes ot Hi Ho, At and Rn 


In the ease of the even-mass aslattne isotopes, the coupling of the odd neutioii 
with an //,, > piolon must be consideicd Txperimentally measuied spins lot Po and 
Bi isotopes with ncutiou numbeis eoriespondmg to astatines 200, 202, 204, 20(' 
and 208 aie listed in Table 8 


TaIII 1 8 tXPI RIMI M ALI Y MrASlRhO SPINS I OK I’o AM) Hi ISOTOPI S WITH NILj I RON Nl WHI RS 
( OKRrSPONOlNC, lO SOMl IS I N-MASS ASl A 1 1 NL ISO I OPI S 



Corre- 

Meas spin 

Meas spin 


Neution 

sponding 

of Po 

ol Hi 

C'onliguiation in 

no 

At isotope 

isotone'-" 

isotone'^" 

Bi isotone ’ 

115 

K.IIAt 
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-'"'At 

3/2("'Po) 

7p""Bi) 

( 77/10 -.)()/),/,) T)/",/d '(I’Pio) 

119 

jijiAt 

5/2(""'Po) 

5p“'=Bi) 

(77/7,„0(l'/),/0 “(I'T,/.) ’ 

121 

•"’"At 

5/2("'Po) 

6 (="'Pi) 

(77/i„/J(i/)|/ 2) -(r/to) ' 

123 

-''"Al 

5/2("”Po) 

()(-"" Bi) 



H L Garvin, T M Griin.H LiPW'ORiliand W A Nirni niilrc., P/ips Kcr Z-et/o ? 1 , 74 ( t')S') 
J Iz Mack, Rei Moil Pliyi 22,64 (1950) 

I LindciRTN and C M Johansson, 4/A/i I yak 15,445 (1959), S AxtNsitN, C M Johanssi 
and I LiNiXiRrN, Ihul 461 (1959) 

'■‘■ns Axensiln and C M Olsmais. T/Z/i Fysik 19,461 (1961) 
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The spin values foi the polonium isotopes are in agreement with shell model 
theory The odd-neutron holes o( -"’M’o and ’"'Po should be in the /, , level 

and that of in the /?, . level The spin values, both 6, for -'’’Bi and -‘’“’Bi are 
leadily explained by theory, W'hcrcas those for “'"'Bi and “"‘'Bi are not as easily 
explained on the basis of the extreme single-p.irtiele model Ground state levels in 
the even-mass astatine isotopes might involve odd neutrons in states other than those 
considered in the bismuth isotope configurations, e g , /i,, or /- ^ levels For an 

odd neutron in an , level, Nordheim’s “stiong” rule‘-*> predicts coupling with an 
, proton to pioduce 12 Thus, one might encounter M4 isomers in the light 
even-mass astatine (and bismuth) isotopes with I 6 and 2 -- or other types of 
isomers produced by diflerent combinations of spins and panties Although rather 
c|Lialilative, these theoretical considcialions of the states involved in 7-decaY are 
consistent with the existence of isomerism in the even-mass astatine isotopes (-“^At'’, 
-™At) and the absence of prompt coincident photons with the 6 13 MeV a-group at 
2(0 At 


—The authors wish to acknowlcilt;c the assistance of Mrs H Mtcui i in these 
experiments The cooperation of the ciew of the Heavy Ion Linear Accelerator in performing the 
target iriadialions i^rcaily appreciated Members of the Health Chemistry department were most 
helpliil assisting in the rapid delivery of targefs One of us (R W ft ) would like to thank Professors 
Cl T Si AiioRCi and K Si Rt et for their encouragement and eevoperaiion in making his stay at Berkeley 
possible 
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' 'S Wahliiorn, A/«/ 3,644 (1957) 

L W Nouoiilim, /'/nr Kn ' 78,294(1950) K VVav.D N Kcndfr. C I McGinms and R 
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THICK TARGET RECOIL MEASUREMENTS* 

J A PanontinI and N Suoarman 

Enrico Ecrmi Institute for Nuclear Studies, Department of Chemistry, 

Univcisily of Chic.tgo, Chicago, Illinois 

( Rv( ('ll (•(/ 2 1 Dec cmhi i 1962) 

Abstract- Corrections for scattering and edge elTccts affecting thick target recoil results in fission 
studies are presented Measuiement ol the range dispcrsiesn ol “®Sr and "*Mo Iron thermal neutron 
fission of "'"U yields 18 2 i 08andl99 r 0 5 percent, respectively, for the ratio of the lull-width 
at halt maximum of the range distiibution in aluminium to the mean range, assuming a Cjaussian 
It'rm for the distribution Siniilar determinations for 'Xu, ""Sr and ""Mo Irom 450 MeV proton 
lission ol uranium give 27 2 6 1 25 9 ' 14, and 2f 8 0 6 per cent respcctnely The ratio of 

ranges in the target matciial, lor a thick target, lelativc to aluniinum are presented for fragments 
Irom thermal neutron fission of uranium and 450 MeV proton fission of uranium, bismuth, and 
iintalum Ihe ranges in aluminium determined by the thick target technique compare facourably 
with those obtained by the thin target technique 

I'lii rccotl technique has been a valuable method for the study of lission processes'* 
aiul other nuclear reactions Range measurements determine the kinetic energy of 
a product nuclide Seceral lac tors have been shown to affect the measurements made 
wiith cither thin or thick targets A correction for target thickness is required in thin 
target ckperiments"’'*' and one for scattering m thick target experiments **>-> 

This paper reports the results of experiments on the thick target method as used 
in (issioii studies Corrections for the scattering effec* based on rcy, orted data and for 
an edge effect found in tlie present studies arc presented The range dispersion of a 
given fragment in aluminium has been determined for and ''"Mo from thermal 
neutron hssion of -'*^U and tor *’’Cu, '^'*Sr and "“Mo from 450 MeV proton fission of 
“’"U The ratio of ranges of several fission fiagmcnts in tantalum, bismuth, and 
uranium relative to aluminium are also presented Morco\cr, the ranges m aluminium 
determined by the thick target teclimqiic arc compaicd with those obtained by the thin 
target technique 

1 EXPERIMENTAL PROCEDliRL 

rho experimental procedure used is siniiKir to that used in prcMous high energy iccoil studies ’’ 
llic target assembly is described in Fig I The target toil is surrounded In a number of thin, j or 
1 mil aluminium foils, properly .iligiied the number of which is dcpeiielcnl upon the range tei be 

* This woik w'as supported in part by a giant lu'in the t' S Atomic I ncigy Cennnnssion 
1 Presented in partial fulfillntenl ot the Ph D degice in the Deparlineni .)! Chenusue Lmeersitv 
of Chicago The author acknowledges the aiel ol National Science I ounclaiion fellowship Now at 
Argonne National Laboratory, Argonne, llliiusis 
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'-’J B Niday. Wivs Rir 121 , 1471 (1961) 
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N Suoarman, M Campos and R Wineas/, /Vne Rev 101,786(1956') 

N T PoRiLt and N SuciArman /’/h' Rn 107,1410 (1957), 111.1747 (1958) 

"" B G Harvfy, Rev Nuct Sii 10. 215(1960) 
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c)bscr\cd T licsc in inrn arc separated from similar foils (or impurity activation by high purity I mil 
aluminium and the entire asscmblv is wrappe'd in I mil foil 

I he uramiim bismuth and tantalum toils employe'd were 1 mil, 5 mil, and t mil thick, respectively 
The isotopic composition ol the uiannim target was that ol the naturally occurring material The 
iiunium loil surlacc was chemically cleaned m dilute hydrochloric acid prior to use Chemical 
analysis ol the bismuth foil indicated greater than 9^) 99 per cent puiity Within the sensitivity ol 
spcctiogiaphic analysis, impuiitics m the legion of the observed fission Iragmcnls v\cic loiind to be 
absent I he tanlalum loil exhibited similai purity 

the Him aluminium foils were of a commcici.i) giadc purity As a result activation (oils were 
.inal>scd m c.ich cxpciimcnl and .ippiopiiate coircctions for impurity activation wcie made In the 
ease ol the uianium experiments, the corrections weic negligible, with the exception ot 'Xu lor 
which corrections of the iirder of I to 2 percent were made depending upon the .ictivity o( the foil 
boi bismuth and tantalum, the activation corrections ranged Irom 2 to 10 percent, depending upon 
the (oil and the nuclide considered 



I'iCi I - Target assembly (T I 
mil aluminium wi appci , A/ I mil 
alumimiim monitor, C , i or mil 
aluminium c<it die r foils, 7 la i get, 
4 activation foils (', or mil) 


boil thicknesses were determined by weighing toils cut to size and measuring areas mieioscop- 
leally The uranium, bismuth, and tanlalum (oils Were 48 4, 8, and 21 1 mg/em“ (hick, respectively 

The thicknesses were constant to within 1 percent (or uranium and bismuth and to within 2 per cent 
lor tantalum The and i mil aluminium (oils had thicknesses of 1 185 and 2 10 mg/cm* respectively 
constant to within t per cent Target dimensions were I 0 cm J 5 cm for uranium, 15 cm 0 64 
cm foi bismuth, and I 5 cm 2 0 cm for tanlalum The catcher foils were 1 m 1 in and over- 
lapped the edges of the taigcl foil to ensure the capture of all recoils leaving the target 

The thermal neutron irr.idiations were performed at the Argonne CP-5 reactor in a flux of 5 10" 

neutions cm - sec ' for a period of one week The high eneigy studies used the internal circulating 
proton beam of the University of Chicago synchrocyclotron at a radius of 76 m , corresponding to 
a nominal proton energy ol 450 MeV The period of irradiation varied Irom 1 hr for uranium targcis 
to 2 hours tor bismuth and tantalum Experiments were performed with targets perpendicular, and 
at 10 degrees, to the beam 

After the irradiations, the target and catcher foils were separated and dissolved for radiochcmic,il 
analysis With the exception of the experiments in which tellurium and luthenium were isolated 
the uranium targets were dissolved in 6N HNO, in the presence of HCI for those cxperimenis 
where ruthenium or tellurium was isolated, (he soludon procedures of reference (2) were used, Im 
both the target and the catcher foils I he bismuth foils were dissolved m concentrated HNO, 
Hydrofluoric acid in the presence of concentrated mine acid was used to dissolve the tantalum 
targets The aluminium catcher foils were dissolved in a mixture of 6N HCI and HNO, The largi.( 
solutions with the exception of those ot tantalum were diluted to 500 ml while the catcher soludoi > 
were diluted to 25 ml Duplicate samples of the catcher foil and quadruplicate samples m the c i l 
of the uranium and bismuth target solutions agreed to within 1-2 per cent Due to the low activm 
resulting from tantalum targets, entire catcher and target foils were analysed 

Copper 

Copper carrier (■ — ^15 mg) was added as CufNOalj to 5 ml aliquots'^’ Copper was prccipitati l 
as Cuf, dissolved in 6M HNOa, and a FetOH), scavenge performed with NHjOH A Agl preeg 
tation followed and copper was reprecipilated as the iodide and then as the hydroxide with NaOll 
Following the solution of the hydroxide precipitate in 6M HNO,, the cycle was repealed sevc' • 
times The copper was finally precipitated as Cui 



Ihick taigti iLunI mcasuiomcnts 
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Sifoiiiiufii 

Strontium tamer (~20 mg) was atldetl as Sr(NO,), to 5 ml aliquots '•> Slionlium was prctipi- 
taftd twite as the nitrate with luming nitrit atid in the prestntc of sodium and fluoiide hold-batk 
earners A. feme hydroxide stavenge was then perloimed, followed by a bnmm ehromate pretipi- 
tation fiom a slightly atidit solution eonlaming atttic atid ammonium atet.ite biifler 1 he stasenge 
piottdures wtrt icpcated and sliontium taibonate prceipitatcd 

\fot\bdeiuim 

Molybdenum tamer (~I5 mg) was added as (Nil,), Mo^O ,, to 5 ml aliquots Two protedures 
weie used and in the east of the tantalum cxpeiiinents, both protedures were cmploycei in suettssion 
to eliminate extessive atlivity ol -^Na in the aluminium tatchers 

Molybdenum was prceipilated vsiih :/-bLn/oin oxime'"’ in the presence of oxalit acid and ihe 
pieeipitate dissolved in a HC If), UNO, atid mixture I wo FetOH), scastnges w, re perlormcd and 
the eyele lepeated several limes I he meilybdciitim was piceipilaled Itsr mounting as the X-hydroxy- 
quinolate 

Molybdenum and feme tamer"" were extiacted fiom a 6N H( I solution, containing tellurium 
as a hold-batk tairier, with ether cquilihiated with leid of the sam^ molarity NaBrO, was added 
beloie the extiaetion to ensure eeunplelt oxidat'on »>l the nu'lybdenum to the 6 oxidation state 
Alter baek-LxlMeting the molybdenum and iron, two IclOH), scavenges were perfoimed 1 he 
molybdenum was then pieeipitated wiih 8 hydioxyquinoline 

Rmin ntion 

Ruthenium earner ( -^30 mgl w is added as RuC 1, to 5 ml aliquots The voltilion was treated 
with klO, 111 alkaline solution, lollowod by N.iOf I After standing, Na.S^O, was added and the 
prttipilaie dissolved m (iN HC I eontaining a few diops ol tontcniriitd HNO, Upon dilution 
tonttniialtd H.SO,, was addtsi and the ruthenium distilled Irom a Na,BjO| H.SO, solution into 
12 N NaOlf Ihe luthenium w.ts pieeipitated with ethyl alcohol dissolved m eoneenirated HCI 
.ind tinillv preeipilalcd as the metal with magnesium Ihe lot il uilhemium aelivilv was eesunted 
initially 1 he '“'Rti w.is eounted separately thiough 40 mg.ein- of aluminium to absorb Ihe weak 
,)'-rays irom '"'Ru The '"‘Rti letiv ity m Ihe total w.is estimaud hy eoiieetim lor the "" Ru activity 
lioin Its absoipiion charaeleiisltes 

Ciulmiiim 

Cidmium earner ( —12 mg) was added as CdtNO,)_ to 5 ml aliquots C dS was precipitated m 
slightly aeidie solution (omngc to methyl led indicttor) .ind dissolved in (iN HCI A IMS seavenge 
was lollowcd hy two Fe (OH), pieeipilalions in ,i bullcied ainmomaeal soluiion The cycle was 
repealed several limes and the cadmium was pieeipitated tor ev'unting as cadmium anthialale The 
total cadmium activity ol ""Cd and "'"Cd waseoiinled initiallv and .ifler in .ippropn ile time the 
" '"C d, separately The ' ' "C'd .letivity w is oht.nned bv exit ipol iling the " ( d aetiv uv lo the time 

of ‘he initial measurements and suhtr.ieting its e'onli ihutusn 

I illiiiniiii 

tellurium caiiicr (— 48 mg) m a UNO, UCl mixture was .tdded to “= ml aliqiiois and ev ipoiated 
to vtiyriess "Ihe lesidue was eiissolvetl in 4N IK I lie itevi ind telluMum prceipilated ,is ihe melal 
with SnClj The tellurium was dissiilved m few viriips iii eimeentiiUed UNO, ind ev ipor.iled lo 
diyness The residue was dissolved m 2N IK I, heated ind i FclOH), w nenge peilormed I ht 
solution was aeidihed to 4N Hf I and telluiium pieeip'laied with SO, Ihe lerrie Indioxide and 
precipitations wcie repeued seveial limes Ihe tclluiium was pieeipil.ucd as the metal with 
^0_ lor mounting 

J ktuNHCKt, (bdilor) Repoit LA-1721 C'olletltd Radiotheinieal Pioeedtiies p 121, U S A T C 

(l')84) 

n R Wills Thesis, M I T |1‘)51) 

'■"I KLriNUERC (Editor) Report L \-1721 Collected Radioehemieal Pioee'diiies P 1-^- CSAEC 

(1954) 
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rill, final prtLipitalcs vvtic filtered onto circular paper disks over a 2 86 enr^ aiea, dried, weighed 
mounted on ,'.r m aluminium cards and covered with cellophane Activity measurements were 
made wiili several end-window methane-flow propoitional counters operating at 4000 V Due lo 
the large number of simples involved for each nuclide, the dee,iy of one target sample was followed 
as a staiidaid The activities ol the remaining samples were then determined i dative to this slandaid 
trrors from unlike counter chataeteristies weic eliminated by rotating the samples among the 
remaining eounlcrs 1 his counting piocedurc was followed over several half-lives for each nuclide 
investigated Beloie counting measurements wcie made, all counleis were checked and adjusted it 
necessaiy to maint,im (he reading ol a standard IJ ,0„ souice within 1 per cent Tmpineal sell- 
absorption collections were .tpphed to the various s.tmples which were adjusted to a consttint 
weight for eomp.irison The weights of piceipitates varied from experiment to espeiimcnt within 
the lollowing limits ''’Cti 36 ' 2 mg, “'Sr, 31 1- 1 mg, “”1^0,41 i 2 mg, '"'’Ru, 21 ' 2 mg, 
11 /II /ll(^^| 40 I 2 mg, .ind ’ '■’le, 40 ' 2 mg 

11 RFSUITS 

I rhuk laii^el (oirc( lions 

A Sialteiin^ eljeci Ranges in aluminium for various fragments from the thermal 
neutron tission ol 1 mil uranium loti were determined by dillercntial experiments 
using approximately 2 1 ing/cm- aluminium lor the first catcher toil The range was 
dctermincci from the relation 


l( I) 

n 0) 



(I) 


w'here r( -r) is the Iraclion of the total activity beyond a thickness / ing/cm“ of 
diumimiim, h'{ 0) is the fraction of the total activity escaping from one surface of the 

target, and is the range in aluminium in mg/cm^ A correction lor the edge effect 
described in (Sec If, IB) was applied by multiplying the experimental values of 
f( *0) by 0 9957 The results arc presented in Fable 1 The values ot R ^ (column 4) 
for '‘‘■’Sr and were tound to be 5 and 2 per cent lower, respectively, than corre- 
sponding values obtained by the thin target technique (column 7) Range values 
reported by AirxANDfR and Ga/diic arc used for comparison since experimental 
uncertainties or differences in thickness measurements of aluminium catchers between 
the two experiments have been minimized Several foil thicknesses measured 
independently agreed to within 0 2 per cent 

In the 450 MeV proton fission of 5 mil bismuth foil, ranges m aluminium weic 
determined by use ot different thicknesses of aluminium catchers from the relations ' " 


li) ( ^ / j ^ 

I!) ^ ^\l(l',IS) 


t2) 


R 


R 


AKH 


+ 


It) 


A1 


(3) 


where the subscripts F and B refer to the forward and backward directions wiO' 
respect to the proton beam The ranges so determined differ by less than I per ccni 
from those obtained from expressions correcting for the velocity of the struck nuclei^ 
and for the anisotropy of the fission process The results are presented in Table 
The values of (column 7) for a given fission product were found to vary wf 
thickness of catcher foil, t, after correction for the target edge effect 

A scattering correction was made based on reported data'^’ and data obtained ' 
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lAUIh 1 — RANOrS Ot IISSION rKAOMINIS IN Al L'MIMLM FROM [HI RMAI NIUFRON 


Nuclide 


’Si 


'"Cd 


’Mo 



FISSION Ol 

IHIf K AND IIIIN 

URANIUM 

PARC. US 




1 hick target 






«VI 



7? VI 

l 

F( n* 

(uncorr ) 

T(, /)i 


(corr) 

(mg/cnT‘ Al) 

li 0) 

(mg/cm-) 

n 0) 

(mg'em-) 

2 114 

0 2143 

3 94 

_ 0 02: 

0 2246 

4 02 

__ 0 02: 

0 008 

L0 00I4 



i 0 0015 




0 2166 

3 95 


0 2270 

4 04 


2 108 

0 2188 

3 96 


0 2294 

4 05 



0 2162 

3 94 


0 2266 

4 02 


2 104 

0 2152 

3 92 


0 2256 

4 01 



0 2168 

3 94 


0 2273 

4 02 



Average 

3 94 

' 0 004** 


4 03 

0 008* 

2 087 

0 2060 

3 82 

■ 0 02: 

0 2152 

3 89 

0 02: 

0 008 

1 0 0013 



• 0 0014 




0 2041 

3 81 


0 2132 

3 88 


2 085 

0 2003 

3 77 


0 2094 

3 84 



0 2042 

3 80 


0 2134 

3 87 


2 088 

0 2030 

3 80 


0 2121 

3 87 



0 1992 

3 77 


0 2081 

3 84 


2 114 

0 1940 

3 78 


0 2027 

3 85 



0 2014 

3 84 


0 2104 

3 91 


2 108 

0 1938 

3 77 


0 2025 

3 83 



0 1972 

3 79 


0 2061 

3 86 


2 104 

0 1959 

3 77 


0 2047 

3 84 



0 2015 

3 81 


0 2105 

3 89 



Average 

3 79 

0 007** 


3 86 

0 .'07* 

2 087 

0 1 309 

3 27 

0 oi: 

0 1361 

3 31 

I- uoi: 

' 0 008 

1 0 0009 



0 0009 




0 1249 

3 23 


0 1298 

3 26 


2 085 

0 1269 

3 24 


0 1319 

3 27 



0 1 290 

3 25 


0 1341 

3 29 


2 088 

0 1315 

3 28 


0 1 367 

3 31 



0 1280 

3 25 


0 1331 

3 29 



Average 

3 25 

0 008** 


3 29 

0 008*’ 


Thin target'" 


4 12 0 02 


3 33 


0 04 


* I he value ot /’( 0) has been decreased by the lactor 0 9057 lor the edge ellect 

t The value of /'(, 0) has been decreased by the scattering collection factors 0 O'id, 0 957, and 
0 962 for *“Sr, ”Mo, and "'"Cd respectively (f-ig 2) 

^ Fstimatc ol cumulative error 
** Standard deviation Iront the mean 


this laboratory DifTcrcnccs iii (he scattering properties of uranium and lead were 
considered negligible Ranges in uranium of (isvion products determined with lead 
catchers were considered to be unalTected by scattering The ratio of the range in 
uranium for a given fission product determined with lead catcliers to the range as 
determined with aluminium catchers was plotted vs mass number (.fig 2) It was 
assumed that the scattered recoils add only to the activity of the foils adjacent to the 
target since the thickness of these foils was at least 25 pi cent of the range For a 
given fission fragment, /'(- -O) was then multiplied by a scattering correction factor 
from Fig 2 and a corrected range in aluminium calculated The correction factors for 



Table 2 — Ranges in allminilm* eor eission products irom 450 Me\ proton tission 
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iw VVILUIII 1 tcm uic ijulhcu ranges arc equal la langes Qcicrmincu o> more spccitic equaiions which include corrections lor the velocits 
struck nucleus and the anisotropy of the fission process 

'■ fj( >0) and f„( 0) have been decreased b) the factor 0 9678 lor the edge correction (Sec H B ) 

J Fj(>0)andfg( '0) have been decreased bv the scittenng correction factors 0 947 0 957 and 0 962 for ' 'Cu ““Mo and *'"Cd, respectively 
** The individual errors quoted are estimates ot the cumulative experimental error 
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I Ik liisl piiasL ol ihis nn.sia iIhmi uliiJi .n KpaikJ Iku ..m). ..k I tlu t\ 

iMclion o)bis(SKiuni(.l,nolkiu.xo.( .na.nuM 1 1' ‘ 
a sohcnl \Mlh diHaunl pi opu t ks ^ ’ipau d If l-di-i. mol iIk m-KuiI ikivI puMonslv 
b> Muoxx and Brvmu 1 1ik pniMila. JKlato is Lonsiduod to Ik smulai i„ ,h. 
bcn/oli\d)o\aniiL jLid JKlak in lhal k-viumolinol loses a piolon when lea^kd wnl, 
the dro\oinaniuni(\ I) ion suc/i as I <b‘ dC.dBON I ( ) (C ,,1 !,,< > N l _H 
riie stiucluiL ol sin.li a ehelatc wtaikl be 
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() 

() I O 
() 
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\i>i’ \i< \ n s 

Thiknum \lci/c t PH Sp, , tiopht'ionn r, i \lkpc..m'plt<’'onn, ii k il iI i I'l'l iiiKd ljm ' M.ivli.1 
l)H reci.irdiiK spi.(.tii>ph('(<'nKKi > L|u,pp<.d wh'i iii.iKlKd 1 on 'ilii. i v.i. Ik 

Kb-l tipkinuli) \ ikek. Kin Kl .KjlMni..n.f v.is u i.d l.'i iIk. nitniii iIk IIIi llint) ol iIk u.ikf 
iisine the dead stop endpoint detiet ion s\ xtein IIk K I - ' p<.i 'iniied iIk me I hod ii' lx I le e ot hum in 
erieir iilheient in i-c'lenii ludeme eliininili.d d'^tim oohuK belveeii tiue iikI like i ndpoinl^ iiul 
pemiitted the liti.ition of ^o)ouj..>.l M>hinon> 

/>/f i /Ik \(l pM n)<.ae(ii(.nients uirc iiKuk umu" eillui 1 Ikekinm AioniilK lU a 

/k'ekniail Model H pi I nietef 

Ri \(,/ \ rs 

The ilrv mclh I n/i I I hi. nI imf i/if u i ter so/n iron p\ i hIiikuiu k Htiik iiul It i. K,ii I I isi Ik i re i k nl 
Here prep lad aw/esciihe’d he \fno\s tnil Hk 

dOKKIM Dni\(ii/i(i/iiiiiiA\ I) OioMinr.iim/nil \ nitii'e eliln elute vi is p/e p ired (n'/n the miiiii- 
II illv he\ ihvdiale he desiee.ition over ei'iKenliatsel seihuiK Kid loi sexeril elivs file neiinhei of 
Halers ol /ive/ralie'ii H Is i/kii eheeked b\ Iil/.ille'il o/ Hei.fled iiii.uinis ol iIk solid veilh K ill I iseher 
le itleiit IIk JejIKous soliilioil Has then pn.pi/eel bv eseiuhl 

( liliiinliii m Reagent ^i.ule' ehlo/olomi u is elislilkel befi'ie eisini; 

// ufi'/ lon-trcc eeatei was piepareel by leinninsi elislilled sealer IliriKigli a eoleinin ol mi\eel bed ion 
exc'lianae resins preeioeislv trealeel to insiiie eSeTtcr with a speeihe resistance ol eicaler Ih.iii 10" 1 >/em, 
as described by Savii n so\ " ' 

H-Qiiino/iiio/ Reagent grade elissolecel in ehloreilesrm 

Ml TltOD 

d he method used throughout the entire investigation was essentudly that of Mr loan and Uhamh ' *> 
with suitable eariations when necessary The Kail I iseher leagent teeliniqiic as desenbeel by 
Ml SIRS e/ (//'■' eeas used to measuie the amount of water present in the oiganie soleents 

The amount of water in Ihc organic solvent was determined wall the aejucous phase containing all 
eomponents except the chelate itself This eompiiscd the blank eletcrminal ion Solutions were then 
made up containing varying concentrations ol the chelate in the organic phase The amount ol water 
was determined m the organic phase of each ol the coiiec-ntrations The number ol moles ot water 
present in a given volume of organic phase was plotted against the number ol moles ol chelate present 
m the same given volume ot organic phase The eoneeiHration of chelate present was determined 
speetropholoinetneally 

" ’ () Samitlson /(III f,xchcini;eis in Amihliccil Chemi\ti\ p 2^9, (3rd printing) J Wiley, 

New York ( I 956 ) 

R J Mivirs, I) f Mii/irR and T N Swifr.T Amu C hem Soc 72, 3767 (1950) 
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scattering of F-ig 2 were used tor uranium, bismuth and tantalum targets since range- 
straggling parametei s for all of these targets are expected to be approximately the same 
for a given fission product 

The effect of the scattering correction on R^i of fragments from theimal neutron 
fission of uranium is shown in column 6 of Tabic 1, and is lound to decrease the 
deviation of the differential range mcasuiements m aluminium with thick and thin 
targets to 1 2 per cent The significance of this variation, if real, is discussed m 
Sec II 4 In the bismuth experiments, the scattering correction removed the apparent 
variation of the range as determined with dillerent thicknesses of catcher foils (Table 2 
column 12) 



Fill 2 Ratio of i.mges in urinium measureef with lead and akimiiTum catchers \s 
mass number ot I ragment i Data liom Rcicrcncc (2) DatafiomN Sli.xrmxn 
and K Wifloo/ (unpublished) 

The scattering corrections used arc based on the assumption that the uranium 
ranges measured with lead catchers are correct and thedillcrcnccs between correspond- 
ing laiiges as determined with aluminium catchers can be ascribed to scattering at the 
interface It is expected, however that there should be a small scattering correction 
even in the case of the lead catcher experiments The integral iccoil equ.mons for a 
thick target have been determined taking into consideration isotropic scattering at the 
end ol the range lor a catcher having similar scattering properties as the target A 
fractional coircction given by i/d (/?x//?,)- whcic A\ is the radius ot the scattering 
sphere and R^ is the range m the target oi catcher matenai was calculated For 
uranium, As,//?,, is approximately 0 06 where As, is calculated fiom the critical 
velocity at which scattering occurs and Bohr's range-eneigy formulation The 
correction expected is a 0 1 per cent decrease of the range m uiamum as determined 
With lead catchers A similar elfcct exists at the mteifaee of two catchers loils when 
isotropic scattering occurs Values of As/A, calculated liom the data ol PiiRzitAk 
ct (7/<U) lor light gases is approximatclv 0 09 giving use to a 0(X)27 decrease m the 

N Bohr, Danske licit ink Scick Mtu-fw Mend 18, No o(l‘)4S) 

K A Pftrzhak, Yu G Pi irov and ! A Sun amin J L\p Tlitoi Fh\\ LSSR 38, 1723 

(I960) Translation iaiw/ P/ ii'k ' 2F7P 11, No 6 I244(19()0) 
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value of n ;)//( 0), or a decrease in (corr ) of about 0 5 per cent for the 

uranium data and 0 5 to I per cent in the bismuth case The correction for ranges 
in uranium is insigmlicant and the correction for ranges in aluminium has been dis- 
regarded in view of the uncertainty in applying this scattering model to fission 
fragments stopping in aluminium 

B Lcli^e c//ect During the course ol this investigation, ranges in uranium from 

1 mil targets bombarded with 450 MeV protons were found to be on the average 

2 per cent lower than values obtained fiom 3 mil targets (Table 3 Columns 4 and 8) 
as detei mined by the equation 

2B[r,( 0) 1 FJ 0)1 

/?! - ^ (4) 

I 1 >r 


where i/ is a small coi rection (-^0 I per cent) resulting from the velocity oi the struck 
nucleus, R^ is the range in uranium in mg/cm-, and \V is the target thickness in 
mg/cm“ On the other hand, the range ol ""Sr in aluminium for 1 mil uranium was 
found to be 1 per cent higlier than tor 3 mil uranium Ihe discrepancies in range 
suggested an edge effect, m which fragments recoiling from the surface of the target 
edges incrcMscd the apparent range m the target material and decreased the range in 
the absorber, by incieasing the activity ot the foils adjacent to the target 

Recoils emanating from the edges of a target are neglected in the equations for 
analysing recoil data trom thick targets A correction for these recoils is therefore 
required The number of recoils escaping trom a surface is proportional to its area 
and the beam intensity of the particles bombarding the surface 

Hot the case of the theimal neution fission of uranium, the neutron intensity may 
be considered uniform over the target surface area The number of recoils emanating 
from surfaces A, Re A (see Fig 3), which is the number to be considered foi range 
calculations, is related to the total recoils observed m the catcher foils, Rc T, by the 
following expiession 

ReA-jiRcT (5) 

where 


ub I (a I b)f 


and a, h, l, arc the target dimensions, t representing the thickness 

In the proton bombardments, the beam intensity vanes radially across the target 
The average intensity is 7 /,,, where /„ is the intensity at the leading edge of the target 
The radial dependence of the beam intensity can be expressed by an exponential with 
a half-value of cm This value is determined experimentally by measuring th* 
activity of ,}-in squares cut from a one square inch aluminium monitor, and ' 
is calculated from 


a — 


I 


exp( 0 693r/7’j)c/r 





where T is the effective radial length over which the beam intensity is to be average 



Table 3 — Ranue^ in uranium determinid \aith 1- "nd 3-mil iaroets (uncorrected for scattering) 
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In this ease, tlie e()rrccteci number o1 recoils in terms of the total number is given by 

Re A' jl' Re 7 (7) 

w here 



l-cpiessing the lecoils as a fiaetion of the total fragments produced, the corrected 
fiaetion, ( 0), is then gi\on by 

0) - (/^ or ( 0) 

where { 0) is the fraction measured Values of /f and jl' aie given in Table 4 for 



FlCi 3 — Diagram of target surfaces showing suifaccs B and C 
responsible lor edge effect 


the various targets employed as well as for the taiget position with respect to the 
beam Correction of the ranges from I mil and 3 mil targets for this effect leads to 
good agreement of the values (Table 3, Columns 5 and 9) 

2 Range distnhutions in aluminium 

When sufficiently thin foils are employed in the differential technique, recoil 
activity can be observed m foils beyond the average range Excluding such factoi' 
as non-umformity of the foils, thermal diffusion of the fragments, Rutherfon' 
scattering of the initially charged fragments, and non-uniformity in the target surfaci. 
the effects of which were considered and found to be negligible, the observed dispersio. 
can be attributed to scattering near the end of the range from atomic and nuclei 
collisions and to an energy dispersion in the fission process 

Range straggling of particles arising from nuclear and atomic collisions has bei ' 

F SuzoR, Ann Phys 4 , 269 (1949) 
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considered by Bohr*’"' and found to be expressible by a Gaussian distribution of the 
form 

P(R)JR —= exp( {R R„)-l2p-R„~)dR (8) 

\ {2tt) pR„ 

where R and Rf^ relei to the range of the fragment, R^^ being the average range The 
straggling paiamcter p is modified fiom that given for the nucleai stopping region” ” 
and can be expressed by 

, 2{R^y 

3 (■^) (a77Ta^“ ^ ^ 

wheic R^ lelcrs to the average range in the nuclear stopping legion and and AG 
aie lire masses of the moving and stopping atoms respectively Bohr’s value”"’ of p- 
is greatei by a factor of two 

1 he kinetic energy disliibution from fission of a given fragment has been studied 
by several investigators”^"’'’ The range dispersion of a number of fragments m 
various mateiials for several fissionable nuclei have also been detei mined”’ 

From an analysis of the range straggling of "’Br and ’■’’’I from the thermal ncution 
fission of ‘”’‘U in various light gases and the assumption of a liiieai range-velocity 
dependence. Good and Won an calculated the ratio of the full-width at half- 
maximum to the mean energy for the energy distiibutions of the light and heavy 
fiagments of about 8 and 5 per cent respectively The value for ‘”Br is to be 
compared with the value 10 8 i 12 percent, reported by Stein”"’ for mass number 
97, determined by time of llight technique Pltr/hak et a! from range dispersion 
measurements m various gases, performed in a mannei similar to that of Good and 
WoLtAN.”" report the ratio of the full-width at half-maximum to the mean energy 
for the energy distributions from fission of 12 9, 12 4, 13 2, 1 1 6 and 9 4 per cent for 
"’“"-Sr, "--'J’Y, "’Zr, ”"Ba and ’”Ce tcspeclively, from the thermal neutron fission of 
-’■’U If the range-velocity dependence involves the velocity to a power larger than 
unity, then the widths of the energy distribution as calculated from the widths of the 
range dispersion would be smaller than the quoted values of Good and Woi ian'”*’ 
and Petr/hak el a! ”” The values of Petr/iiak et al arc in good agreement with 
the value, 12 0-^08 per cent, reported by Cohen et using a high resolution 

spectrometer and 12 2 percent reported by Mieton and Fraser”^’ using time of flighl 
technique for the energy distribution of mass 97 fragments from the thermal neulron 
fission of The values quoted have not been corrected for the dispersion resulting 
from prompt neutron evaporation from the initially excited fragments except for tl.i. 
value of MiEtON and Fraser ”” 

The range distributions in aluminium of several fragments from the thermal 

J LiNOHARi) and M ScHARFF in R B Lfachman and H Attiriino, Arkiv Fysik 13, I”! 

(1957) 

HDD C BRUNioNdndG C Hanna, Gi/W y Res 28 A, 190(1950) 

(ID B p CoHFN, A F CoHiN, C D Colly, PA/r Rev 104,1046(1956) 

W E Snm, Phys Rev 108, 94 (1957) 

"nj C D Milton and J S Frasfr, Cawad J Phys 40, 1626 (1962) 

""'W M Good and E O Wollan, PA/s Rev 101, 249(1956) 

n"' S Katcoff, J A MiSKri and C W Stanley, Pliyj Rev 74,631(1948) 

(201 p Brown and B H Olivfr, Ccr/iod d Chens 39, 616(1961) 
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neulron Ussion of have been detti mined and found to be approximately 

Gaussian In the analysis of the present data, a Gaussian distribution is assumed 
for the straggling of the lange, with straggling transvcise to the oiiginal direction of 
flight of the fiagment assumed to be negligible for each range. Equation (f) is 
considcied to be applicable, so that Ef /)//( 0) is given by 


/( 

1) 

j (1 ltR)~P{R)(/R 

J' 

l{ 

0) 

A / 

P{R)(IR 

Jn 


vvhcie P(R) IS defined by Equation (8) and p =- )jl 355 where / is the ratio of the 
lull-width at half-maximum to the mean range, }( i)IF( 0) is the latio of the 
numbet of recoils found beyond a thickness ;, to the total number of recoils escaping 
from one surface corrected foi scatteimg and edge elfccis Although P{R) does not 
have the proper normalization for a set of lange values from 0 to x, P(R) may be 
icgardcd as exact since the contiibution to the noimah/ation integral of P{R) for 
values from 0 to a is negligibly small in the cases considered Ifa difference in the 
lange-velocity dependence foi the target and absorbci is consideied. Equation (10) is 
altcied by laising ijR to the 0 97 powei (sec See II 4) Values of Tf /)//( 0) for 
vaiious values ot z were obtained by luimciical mtcgialion of Equation (It)) foi the 
(disci ved fragments and plotted giaphically as illustiated m Figs 4 and 5 for ''’’Si and 
'"'Mo for a i value of 4 19 msi/cm- The two curves given m Figs 4 and 5 are loi 
'V,/(Vu latios of 0 97 and 1 00 (see Sec 114) A value of / foi a given fiagment was 
then inlei polated from the graph coricsponding to the obsened value of / ( t)// ( 0) 

Dispcision widths vvcie also calculated fiom the thin 1 iiget data'" .oi theimal neutron 
lission in a similai manner Calculated values of r( /)//■( 0) foi difleient 

values of X were deteimined by the following expression 


7 ( 0 ) 


I ^ (' 


( It /2 


P(R) (IR 


I R{\ ilR)’P(R)JR 


( 11 ) 


P(R) (IR 


wheie CM is (he taiget thickness equivalent mg/cni- Al, and 1 ( /)//( 0) is equal to 

2/', as repoited by Aiixandtic and (jx/dik 1 lie lust integral in the numerator 
coiievponds to the ordiiiaiy tfim target recoil equation The second uiiegial is a 
thick target type cxpiession foi the set of ranges (t-t in) The eontnbution to 
I { f)l I { 0) From this lattci intcgial is negligible ilue to the leialivelv small value ot 

< n 

fhe values cif X coiicsponding to the obscived values of /( t)//( 0) for both 

thick and thin targets aie listed in Table 5, columns 5 and 8, lespectively, tor various 
fragments ftom the thermal neutron fission ot "'^Ll Widths tcir range disti ibutions in 
aluminiuni measured directly""”'" are also given in column 8 tor comparison The 
piesent results are in good agreement with this ciata 

The value of calculated for a given F( /)/T( 0) may be compared with an 
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expected salue calculated fiom the dispersion resulting from nuclear collisions of 
fragments of a given encigy and that icsiiltmg from the energy distribution fiom the 
fission pioecss If the two cITects arc considered to be independent and the dis- 
liibulion cuivc ol each to be Gaussian, then 


3 \ rJ (A/, n 




I-, ■'ion 


( 12 ) 


\v hci c k m the nncleai collision lei m is a constant (2 355) w Inch conv ci ts p to / I he 



F( D 

Fig 4 — vs Ranee distribuiioii width at hall maMinuin for ""Sr, tor l 4 19, 

0 ) ^ 

mg/cm- Al, Y Fxperimcnlal Point, — Calculated curve 

value of was taken to be oiie-half of the value of the energy distribution 

reported by Pmrzhak et al since the range is assumed proportional to the 
velocity Values for R^jR^ aluminium were obtained by appropriate analysis ol 
the dispersion measurements reported by Purzhak et o/ and are about 0 09 0 1' 
in fair agreement with the ratios predicted by Bohr’s expression The values of / 
calculated from Equation (12) are presented in Table 5, columns 6 and 9 

Certain factors could affect the A calculated for F(> !')//'( >0) If the actua' 
distribution is only approximately Gaussian and has a longer tail on the high rangv 
side as suggested by several investigators,*^*-^®’ the number of recoils calculated fv” 
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this foil Will be less than the number of recoils observed for a given width and would 
be expected to be larger than that calculated for a Gaussian distribution Although 
this enhanced probability on the high range side was not observed by PtTR/HAK et 
a! nevertheless, allowing for such an occurrence, the effect should be small in the 
present case The non-Gaussiari behaviour reported*"*’"®* occurs at range values 


- 4 



t-ii, 5 11 — vs R,inecdislribulion\M<.llhat lialfmaviniunifoi “"Mo, for I 4 19 

/( 0 ) ^ 

mi^/cm- A1 ^ Experimental Point, -- Calculated cuiw 

larger than 1 2y?o The contiibution to T{ f)/7{ 0) foi ‘*'*Mo and '*'’Sr in the present 

case for range values greatci than I 2/?„ is smad and approximately 10 per cent of 
the total for a 16 per cent dispersion width Incicasing the piobabihty in this region 
by a factor of two, alters the calculated /•( t) by 10 pci cent and lovsers the corre- 
sponding calculated 2 by 3 per cent of its value 

Non-uniformity in the foil thickness could also atlcct the present results Cal- 
culations showed that if one-half the recoils traveised a thickness of aluminium 5 per 
cent less than the average thickness while the othei half ti aversed a thickness 5 per cent 
greater than the average, the observed fraction of iccoiK could be accounted tor by a 
Gaussian of 13 per cent full-width at half maximum However, such a large variation 
m thickness is highly improbable in the present studies in which the aluminium thick- 
ness for I in ' 2 m foils varied by less than I per cent 
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Calculated from Equation (12) 

Dispersion 'Aidth and range calculated b\ assuming di/Terent range-\elocit\ dependence in A1 and U 
Results obtained v,ilh uranium oxide target on a nickel backing 
Results obtained xsith uranium oxide target on a copper backing 
r stimale of cumulative experimental error 
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\ Ic.isl st|iKnc's dcterinindlion \vas then applied to the data to obtain the slope of the straight line 
inio w Inch the data decelopcd This slope yielded the mole ratio of water molecules to chelate mole- 
cules in the oiganic phase 1 he intercept ol the straight line gave the solubility of water in the organic 
soKciil at /CIO concciilialion ol chelate 


TXPr^Rl MTNTAL 

hor the cxti action of bis(8-quinolinol) dioxouranium(VI) into chloroform, the following 
pioeedurc was followed 

lo make up the concentration desired, a known amount of OOlCX) M dioxouranium(VI) nitrate 
was pipeted into a beaker containing a magnetic stirring bar A given volume of water was added to 
the beaker lollowed by 0 I N sodium hydroxide added dropwise until the pH was 8 8 0 1 pH units 

as checked by a Beckman Model H pH meter The resulting solution was then diluted loexactly 150 ml 
and tiansferred to a 500 ml separatory funnel Txactly 150 ml of 0 0^1 M 8-qumolinol in chloroform 
solution was added lo the funnel The funnel was shaken 1(X) times and placed in a constant 
icmperatiiic bath at 25 0 C 0 I C for exactly 15 min 

I he funnel was then withdrawn from the water-bath and the excess water was wiped off from the 
funnel The delivery tube was iinscd with diy acetone and the excess acetone was evaporated with a 
slicam ol diy an 1 his minimized the formation of emulsions which were due to water retained from 
the \\alci b.ilh 

1 oui 50 ml samples weic then tiaiisfcricd to centrifuge tubes and centrifuged at 2000 re\/min 
loi btl sec 1 his seised to icmosc any cmulsiricd water ( arc had to be taken not to continue the 
ccnii d LiLtaiion any longer than 60 sec as healing ol the samples icsullcd, which drastically decreased 
Ihc soliibihtv ol scaler in the chlotoloim It was found ihal no appreciable temperature change 
occuiicd m the Inst 90 see and that the emulsified wafer was removed in about 30 45 sec Thus 60 
sec w.is deemed the optimum lime ol centrifugation 

\ 25 (K) ml sample w.is then pipcicd liom a 30 ml ccnirilugc tube ind immediately transferred to 
I he le iclion be iker ol ihc Kf-3 Ac|uamctcT lor litration with standard Karl Fischer Reagent Because 
th^ \quiimclci was cqinppcsl with 10 ml buicttcs, and the aliquot oftentimes icquircd more than lOmi 
ol iitiaru, atldnional iiiranl was mtiallv added from an auxiharv reservoir of Kail T ischcr Reagent by 
means ol a pipet 

While the Inst and suececding samples were being titrated the remaining centrifuge tubes were 
plaecd in the 25 0 C' water b.iili to maintain tcm|xiatuic equilibrium 

I he .imoiinl of dioxouiaiuunK VI ) nihalc added vvas adjusied such that the chelate concentration 
was in ilic langc of 10 ''' 10 ' moles of dioxouraniumf VI ) per 25 (X) ml ol chloroform I sually a series 
ol Itii conccnlialioiis vveic usevi in c.ich cxpeiimcnt providing foils individual titrations or lortv raw 
\ dues lor each least squaics dcici nimaiion 

It was important lo noic that m c<tch cxpciiment a diHercni order ol conccntialions was used in 
obtaining the lavv values This is one lime the least conccntialed chelate solution was prcpaicd and 
III! lied Inst lollowed by llic iiexl mosi conecnlraled solulnui pioeecclmg morderol inereasingeoncen- 
iialions to Ihc Imal eoneeiiliation Another time the order would be compleielv reversed and then 
I iiidom sclcclion was used 

/\I Ic.isl I w o anil some I lilies moic solulnvn blanks were prcpai cd and I iti alcd w uli each c\[X i mien I 
I sually one blank would be inn iinlially and ihc second blank would be iiin alter all ol ihe chelate 
'oliilions had been piepared and lilialed This was not a strictly adhered lo technique howevei This 
was hccjiisc iheie was usually no detectable dilKrenec between the blank solutions run at diflerent 
limes 

I hese Iwo tcclimc|ncs would cliniinalc possible licnds mtcntionally cvi iinintcntionallv toiming to 
induce ai Iliads 

Anolher pioccduic followed was die picparation id icagcnts The usual method lollowed was lo 
prepare each leagcnt fleshly lor each experiment with the exccpdon ol the standtid metal ion 
solutions I Ins would piceluele any ciioi due lo misealciilaluvn ol anv eoneenlialions 

RTSUITS AND l)ISCUSSK)N 

fin(H-ciiiii/()liiiol) aniiiiii(W) eMuutcd into ( hloi ufoi »i The lesiilts of a 

typical cxpeiimcnt for this cxtiaction system appear m Table I where the \alue X 
coirespontls lo the moles ol iiramLim(VI) present per 25 00 ml of chlorofoim cxtiact- 
anl limes 10’ The value V corresponds to the number ot moles of watci per 25 00 ml 
of chloroform extraciant times 10’’ Table I shows the calculation of the slope of the 
stiaight line obtained from the law' values The inteicept of tins straight line is also 
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7 he present valiics for the widths obtained from thick target differential absorption 
measurements are in good agreement with those calculated from thin target diflerential 
measurements and those measured directly However, they are a factor of 1 5 to 2 
times the widths expected from measurements of range dispeision in gases 

Similar expci iments for lange dispeision were performed for '’'Cu. '‘'■'Sr and ’'"Mo 
fiom the 450 MeV proton fission of-‘^U The range, R. in Equation (II) is replaced 
by R,. or 7?,, m this case, where F and B refei to the forward and backward direction 
with lespect to the proton beam, lespcctivcly The average values of 7?j and R^^ 
determined from the simple expression. Equation (2). were found to be equal to R^ 
(1 ' I/ll)' to within ] per cent, wheie R„ is the avciage lange and i/n is the ratio 

Iabif 6 - Fill I -w ioi us m uaii-ma\imum ior dim RiHi 1 1 ions or \nd i ok 



VARIOUS 

FRAt.MFNI s 

FROM THh 

450 MeV I’RoiDN 

IISSKIN OF -'"‘U 




1 

/( 

0 

R\ or R\i 


> 1 1-^1. 

'll ir 

Nuclide 

(mg/cm- Al) 

/( 

0) 

(mg,'em= Al) 

/ ("„) 

C' 


'■'C u 

4 19 

0 0211 - 

00021 * 

471 OOli 

29 6 

22 8 

7 7 


4 19 

0 0051 

0 0006 

4 25 0 01 

25 5 2 0 

18 2 

30 





Aveiage 

27 2 6 3 

20 5 

8 3 

"''Sr 

4 :i 

0 00113 

0 00013 

3 97 ^ 0 01 

24 3 13 

16 4 

2 2 


4 23 

0 00033 

0 00004 

3 69 - 0 01 

27 5 0 5 

20 9 

0 9 





Aveiage 

25 9 14 

18 6 

2 4 

'™Mo 

4 19 

0 00029 

0 00004 

3 72 -r 0 005 

23, S 0 6 

15 7 

1 5 


■* 1 iriirs quolcd .irc estimated ed the ciimul.itivc' e vpe'i ime iit.il eriois 
i Stand.ud deviation fioin the mean 

of the paiallcl component of the velocity of the stiuck nucleus to the velocity of the 
fragment as determined by more exact expressions involving /?„ //||, and A\i (I 333), 
the velocity exponent in the langc velocity expression for aluminium Equation (2) 
was compared to a more exact expicssion dcsciibmg /-( t)/f( 0) in the region of 

the aveiage values of /?,. and and it was found that the results agieed to within 
I per cent The effect of a peipendicular component of the velocity of the struck 
nucleus has a negligible effect on /'( /)/T( 0) m the present case because of its small 

value The simple expression. Equation (2), may theiefore be regaidcd as a good 
representation of the activity distiibulion m the aluminium catcheis 

The icsults for '’^Cu, ”‘’Sr and '''■’IVIo aie piesented m fable 6 The average value 
of 2 IS 25 6 E 14 per cent which can be compaied to the aveiage value 19 0 1 0 

per cent for **‘■’81 and ''‘■’Mo from the theimal neuiron fission of If is 

equal to 6 4 per cent*'" in the theimal neutron case, 2 foi stiagglmg m aluminium 
IS found to be 17 9 I 10 pci cent The obscived values of / loi fiagments from the 
proton fission of-'''*U were collected for straggling m alummuim and the calculated 
^ for fission and /^n arc piesented m the hnal column ol Table b The average value 
I IS 18 3 L 2 0 per cent 

The relatively large value of nr the proton lission of ■^*''11 may be 

expected to result from several souices Fust, there is a distiibutiou of the nuclides 
Undergoing fission varying in charge numbei and mass , ^ a result of the nuclear 
cascade process and ncution cvapoiation competition Second, theie is alsts an 
cTfect arising fiom neutron evaporation hoiii the paient fragment during its time of 
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flight Third, contains a contribution from the distiibution of r/n Due 

to the iclalivciy small average value of ?/|| (0 03), the contribution to | ,,,, 

should be small Fourth, a relatively large spread in as compared to 

thermal neutron case may originate in a large spread in the kinetic 
energy release loi a given fragment aiising from the hssion process, resulting from the 

1 Mlir 7 I UK k r MUil I RANt.r mlasurfmlnis ior various hssion 

IKACiMINIS FROM 1/ Bl ANO Til 


fission Ranges (mg/em’)* 


1, lament 

T.ugcl 

Aluminium 

7f(target)//f \i 


1 hci m.il neutron lission of 



""Si 

10 92 ' 0 02t 

403 1 001 

271 

X 0 01 

""Mo 

10 6t l0 02 

3 86 1 0 01 

2 75 

: 0 01 

‘•'■"Cd 

9 12 ! O 02 

3 29 J: 0 01 

2 77 

1- 0 01 


450 MeV proton fission of -•'"U 



'Xu 

1 1 HH 1 0 02 

4 49 I- 0 01 

2 65 

1 001 

"“Sr 

10 43 1 0 02 

3 83 - 0 01 

2 72 

1 001 

""Mo 

9 78 0 04 

3 58 K 0 01 

2 73 

L 001 

1 1 

'-/V 

O 

o 

3 32 ' 0 01 

2 76 

! 001 

"■"'Cd 

8 67 - 0 03 

3 15 X 0 01 

2 75 

1 001 


450 MeV proton fissum of Bd'” 



"Xu 

10 47 ' 0 03 

4 00 X 0 004 

2 62 

( 001 

""Mo 

8 37 - 0 02 

3 09 X 0 004 

2 71 

1 0 01 

d 

7 89 0 02 

2 89 J 0 008 

2 73 

X 001 

1 (J 

7 39 J. 0 02 

2 71 1-0 008 

2 73 

X 0 01 


450 MeV proton fission of fa 



"Xu 

8 94 T 0 03 

3 48 J 0 01 

2 57 

1 001 

"'Sr 

7 04 -J. 0 02 

2 68 1 0 01 

2 63 

1 001 

""Mo 

6 63 ' 0 02 

2 48 1 0 01 

2 67 

1 001 


’ Ranges have been corrected for scattering and edge edects 
I Standard deviation from the mean 


numerous hssion modes available at high excitation energies and from a large spread 
in the excitation energy of the fission nuclides 

3 Relalii e ranges in Ta, Bi and U Jor fission Jragments 

Fission fragment ranges in U, Bi and Ta and corresponding ranges m aluminium 
are given in Table 7 The ranges have been corrected for the scattering and edge 
effects as discussed m Section 11,1 and include corrections for the velocity of the struck 
nucleus and the anisotropy of the fission fragment The ratio of the range m the 
target to that in aluminium is also tabulated These ratios can be expressed by 
the following equations for the fragment studied ranging from ''^Cu to ^’®Cd for the 
energy region 0 75-1 5 MeV/amu 

2 507 + 0 002282/1 (13) 

^m/«Ai = 2 477 F 0 002282/1 (14) 

^'1 J/?Ai 2 434 TO 002282/1 (15) 

where A is the mass number of the fragment The ranges in aluminium used au 
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those determined by the thick target-thin absorber method and are 1-2 per cent less 
than values determined with a thin target (see Table 1) If the ratio of the range in 
the target to that in aluminium is normalized, for a given fragment, to that for uranium 
the resulting values represent the relative ranges of fragments in Bi and Ta compared 
to uranium The results arc presented m Tabic 8 The average values for Bi and Ta 
arc 0 989 L 0 010 and 0 971 ] 0 010 respectively 

From Bohr’s range-velocity relation*-*' for fission fragments stopping in matter, 
the ratio of langcs (mg/ciiF) of a given fragment for two different stopping materials 
IS given approximately by 

/?,//?, (AJA,)(ZJZ,V > 

where the subscripts 1 and 2 refer to the dilferciit matciials. and A, Z and R represent 
the mas-5 number, the atomic number, and the range respectively Foi Bi and Ta 
with respect to uranium, the calculated values arc 0 909 and 0 822, 8 and 1 5 per cent, 
lespcctivcly, lovvei than the experimental values 


Tabu X - Compakis<in or ra-soi raiios of t. Bi \vn Ti svnii 
Ri SPEC I ro Al 


Nuclide 

u 

Bi 

1.1 

'"Cu 

2 ti5 (1 00)* 

2 62 (0 usv) 

2 57 (0 ‘770) 

"’Sr 

2 71 n 00) 


2 63 1 (0 970) 

"’Mvi 

2 74 (1 00) 

2 71 (0 9.S9I 

2 67 (0 974) 

11.7 11 

2 76 (1 00) 

2 73(0 '.89) 



* Values in parenlhcsis rdci to nornializaiioii with icspeet to lalio for 


uianiuin 

t Rclers 10 value foi ’‘Si 

The range ratios in Table 7 aie lower than the previously observed values for these 
latios with Bi and Au as the heaviei stopping mateiial for ‘-'’Sr and from 

the 450 MeV proton lission ot a thick bismuth target (^40 mg, ’em-) Slciarman et 
ill *" have observed range ratios of bismuth to aiummium of 2 9 -01 and 2-8 - 0 2 
respectively The bismuth and aluminium range mcasuiemcnts have not been 
coriected for scatteiing and edge effects (the lattci is msigiulicaiu in this ease) A 
4 per cent correction for scattcimg would lovvei the langc latio by 6 per cent m 
reasonable agreement with the present data f'or '*'Zt Irom the thermal neutron 
fission of a thin uranium target, Suzor*''’* has reported a value for the lange latio of 
Au to Al of 2 73 f 0 15 This value is m good agreement with that expected for Au 
Irom these studies Employing an lom/ation chambci to determine the lecoil activity 
occurring beyond a given thickness csf absorber Sic.rf and Wiu.am),*-*" observed a 
value of 3 0 for the range ratio of gold to aUummum for the gross pioducls from the 
neutron fission of a thin uranium taiget The langcs leprcscnt extrapolated ranges 
and therefore contain significant eiiois fiom the cxtiapolation as well as inherent 
experimental errors in the method, making a signihcant comparison with the present 
icsults difficult 

4 Companion oj langcs in aluniinium mcasuicd with ihiii end thuk targets 

Ranges in aluminium for various iiagmcnls Irom the thermal neutron fission of 
uranium determined by the thin target technique may be compared with experimental 
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and caleulatcd values obtained with a tliiek uidnuiin target in Table 9 The experi- 
mental values aie from Table 7 and the ealciiiated values were obtained by eorreeting 
langes in uianium foi seattering and edge cllects fiom big I and Table 4 and then 


1 MU 1 

9 R\n(. 

1 S 01 1 R Ml 

MINIS 1 ROM 
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Ranges m aluminium 



Obscivcd 

R.in^cs 

M) ui aniinn 


(mi;/cm-) 




nne lidc 


g/cin-) 

1 luck 1 llg< t 

1 bin taigcl 

Rc'fc'iciicc 

'Hi 





4 05 

' 001 

(21) 

-'Si 

10 92 

0 02* 

401 

0 01 * 

4 12 

0 02 

(1) 


10 97 

0 02'-' 

4 OS 

0 02 tc iL) 

1 74 


(22) 

"Si 

10 97 

0 04'-' 

4 05 

0 02 (calc) 

4 02 


(1) 

"'/i 

lost 

0 01'-' 

1 97 

0 02 (calc I 

3 64 


(22) 

■Vi 

10 81 

0 02 -' 

1 97 

0 02 (calc) 

1 99 

0 15 ( 

(12) 






4 16 

0 ist 

(12) 

"'Mo 

10 61 

0 02* 

1 86 

001* 

4 16 

0 I5| 

(12) 


10 64 

0 02'-' 

1 89 

0 01 (c.iL) 




'"'Ru 

10 6S 

0 07* 

1 89 

0 01 (calc) 

1 S7 


(22) 


10 76 

0 04'-' 

1 91 

0 02 (c.ilc) 




"'Ac 

9 12 

0 06'-" 

1 18 

0 02(ciL) 

151 

0 02 

(1) 

" '( d 

9 12 

0 02* 

1 29 

001* 

1 11 

0 04 

(1) 


9 12 

OOV-' 

1 29 

0 02 (calc) 




Ic 

9 11 

0 0<8 * 

1 14 

0 01 (calc) 

1 14 


(22) 


9 19 

0 02'-' 

1 16 

0 0! (c.dc) 




Mil 





1 16 


(22) 






1 17 

0 02 

(1) 

"Me 

9 28 

0 01* 

1 11 

0 02 (calc) 

1 14 

0 15 1 

(12) 


9 28 

0 02'-’ 

1 11 1 

0 0! (calc) 

149 

0 I5J 

(12) 

s 

8 07 

0 0T-’ 

2 87 

0 02 (calc) 

2 64 

001 

(20) 

"■( s 

8 86 

0 0.V-’ 

1 15 

0 02 (calc) 

2 91 

001 

(20) 

u-1 





1 21 

0 04 

(21) 

""Ua 

8 44 

0 01'-’ 

2 99 

0 01 (calc) 

2 98 

001 

(1) 






2 82 j 

0 01 

(20) 






2 75 


(22) 

"•Cc 

8 27 

’ OOl'-' 

2 93 1 

0 01 (calc) 

2 69 


(22) 

'"Cc 

8 06 

0 07'-" 

2 85 1 

0 01 (calc) 

2 54 


(22) 


* Pre'seiil vNork 

i Results obtained with uranium oxide layer tin niekel backing 
t Results obtained with uranium oxide layer on copper backing 


employing the ratios found in Ec|ua(ion (13), to convert the corrected ranges in 
uranium to tanges in aluminium With the exception of '”Ag, good agreement is 
found between the thick target values and the thin target values reported by 
ALfXANDiR and Gazdik*^’ and the values reported by Suzor"-* from measurements 
with thin uranium oxide targets on a nickel backing The ranges reported by Brown 
and Olivlr*'®* and Finmi et a / appear lower than the othei reported ranges by 

F SiorttandC Wiioano, P/iyv Rev 70,808(1946) 

122) B FrvMi, E J HoAr,LANi), S KATr'orr, N Suoarman, RaduKhemica} studies the pssivn 
/iror/z/rts", ( Edited by C D CoRVELLandN Suoarman) NNES Div IV, Vol 9, Book l,pp 46^ 
471, McGraw-Hill, New York (195 1 ) 

N Suoarman, 7 Chem Phys 15, 544(1947) 
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approximately constant factors in each case, suggesting a possible inherent experi- 
mental error in thickness measurements of the absoibcrs or in corrections for velocity 
losses in the target 

There appears to be a consistent difference m the aluminium ranges m Table 1 for 
the thick and thin target methods, the thick target ranges being somewhat lower than 
those observed w'lth a thin target If this eflect is outside the experimental error, the 
apparent dilTerence can be accounted foi by considering diBeicnt range -velocity 
dependencies in the target and catcher malciials If the range {R) velocity (k) ex- 
piession for a stopping material (i) is given by 

R, A,f-T 

a iccalculation of the dilleiential expression for a thick taiget yields 

[1 '''P (16) 

fhe latios of found for '^‘'Srand "'"'Cd to give langcs in ahimirmim the same 

as those detei mined with a thin target was 0*)70 _ 0 003 foi \ equal to } ,V| is 
equal to I 293 

5 Conchisioii'i 

Ranges in aluminium of ''“'Si and "''Cd tiom the thcimal neutron hssion of-'*“L 
were determined by the thick taiget dilfciential iccoil method and agree with langcs 
determined by thethm taigetchneiential method to within 1-2 percent The agreement 
depends upon the application of coirections foi ssatteiing and edge clTccts m the 
thick taiget metliod and foi taiget thickness m the thin taigel ca^. The edge elTect 
has satisfactoi ily accounted for ilinercnces in uianium langes obt.imed with I mil and 
3 mil uiamum taigets loi a nuinboi ol fission tiagments VIoreovei scattering and 
edge coircctions applied to the data from the 450 MeV pioton hssion of bismuth 
eliminated an apparent dependence of the axciage range in aliimimum on the thickness 
of the hist aluminium catcher used in the range measurement The 1 2 pei cent 
icmaimng dineiencc between the thick and thin taiget laiige mcasuicmcnts in alu- 
minium may be attiibutcd to a ditfeiciicc in tlie lange velocity dependence in 
uranium and in aliimmmm Howevei such a dilleience in the laiige-velocity 
dependence between the lieaxiei target mateiial and aluminium was not needed to 
explain the bismuth range results Consequently the dilleieiice in the range-velocity 
dependenee for uranium and .ilumiimim is not dehnilciv established 

Range dispersion widths in aliimiimim based on a Gaussian distnbuiion of 
ranges, have been calculated foi fragments from the thcimal nenlion lission or“‘'’U 
and the 450 MeV proton fission of“"U The values obtained with a tliisk taiget for 
• he thermal neutron ease are in agiecincnt with values saiculaicd liom tliin target 
dincrcntial experiments and dispersion widths measuied expei mientallx with thin 
largets An aveiage value of the full width at hall maximum of 19 0 10 pei cent 

for the range dispersion m aluminium was obtained foi "'kSi ,md '*'*Mo m the thermal 
neutron experiments The range dispcision widllis m alum num are a factor of 1 5 to 
2 limes greater than values calculated from dispcision widths dclcimincd vxiih gases 
If the range dispersion width fiom the lission process is 6 4 per cent in the thermal 
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uculion cast, the laiipc dispetsion width from the straggling of fission fragments m 
aluminium is calculated to be 179 - I 0 per cent in the thick taigct experiments 
The acciagc dispel Sion width is 25 6 ' I 9 per cent, for ^'^Cti, and ^‘'Mo from the 
450 MeV piofon fission of f he avciage dispcision width in the high energy 

case, collected toi sliaggling in aluminium, is 18 2 J_ 2 0 per cent 

I he large increase in the width of 18 3 pei cent as compared to that of a fragment 
fiom then mal ncution lission of 6 4 pci cent can be atti ibutcd to several sources arising 
ti om high cncigy fission bust, thcieare a variety ot nuclides resulting fioni the nuclear 
c.iscade process ami ncution ecapoiation competition which undergo fission as com- 
]iaic'd to the single fissioning nucleus in the thermal neutron case Second, there is 
,1 much broadci spectium in the luimbLi of neutrons evapoiated from the parent 
fiaguneiU dining its lime oi Ihglit in the high energy piocess Thud, there is a spread 
111 the range ai ising from a disti ibution in the \elocity impai ted to the sti tick nucleus 
(The conliibution liom this souice, liowccei, should be small ) rinally. an increase 
111 the width fiom the lission process could icsult from an iiiciease in the number ol 
fission modes available in the high energy case as a result of the higher excitation 
energy deposited in the fissioning nucleus and the broad spectium of excitation 
energy induced by tlie bombaidment 

the latio of the langc in the taigct material to that in ahiniinium foi li, Bi and la 
tai gets for a gn en fission fragment has been lounci to vaiy by 3 per cent from uianmm 
to tantalum The vaiiation m the ratio expected from the range-velocity expression 
given by Bohr is 15 pci cent A general expression foi convcitmg ranges in heavy 
elements in this icgion to ranges in aluminium has been piescntcd 
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THERMAL NEUTRON CAPTURE IN GASEOUS 
AND LIQUID PHOSPHINES-^II 


NON-VOLATJLE PRODUCTS, PRIMARY RETENTION 
AND SCAVENGER EEFECTS* 


M Halmanm and L Kuc.i i 

Isotope Department The Wei/nidiin Institute of Science, Rchovotfi, Israel 


{Recened It Manh 1961 m nitscd form 22 4pid 1961) 


Abstract ’-'P-labelled products Ironi the thermal neutron eapture in gaseous and liquid tri- 
inethylphosphine have been determined using gas and paper ehromatogiaphy and paper electro- 
phoresis Inclusion of substances which might act as radical scavengers had no elfeet on product 
yields The amount of primary retention of ■*‘P in triniethylphosphine v\as found to be of the same 
order of magnitude as predicted by the "randoni \salk theory” The yields of labelled compounds 
increase in the senes trimethyl-, dimethyl, methyl- and inorganic ’-P products The )iclds ol di- and 
tnincthylphosphinc after neutron capture in gaseous Irimethylphosphine arc less than predicted 
by simple Statistical considerations, while higher yields than predicted are obtained from liquid 
trimethylphosphine 


The volatile ’^P-containing products formed after radiative thermal neutron capture 
[*T(/j,y')*^P reaction] in gaseous ti imclhylphosphine have been shown to be phosphine 
methyl-, dimethyl- and trimethylphosphine The non-volatile products formed 
during pile irradiation, and deposited on the walls of the quartz conlaineis, ha\e now 
been identified 

RESULT S 

GVn phase irradiations 

Preliminary expcninents indicated that the aquec^us washings of the quart/ tubes 
contained both lower and highei oxidation states of phosphoius oxyacids Not all 
these acids could be resolved by a single method of analysis, but a complete icsolution 
could be obtained by a combination of papci-ehiomatography and -electrophoresis,'-’ 
both on the original aqiiecsus washings of the quartz tubes, and aftci its oxidation 
with bromine water Results for the analysis of one iriadiation experiment arc given 
m Figs I and 2 Most of the ‘’-P-containing acids wcie easily identified by simul- 
taneous chromatography runs of the inactive acids The huge peak at about - 
b 53 in the paper chromatogiaphv of the original aqueous washings of the walls 
(sec Part a of Fig 1) disappeaied aftei oxidation with bioinine watei (see Part b) 
The expected phosphorus oxyacids having /?, values in this lange aic hvpophos- 
phorousacid, H,PO,, and dimethylphosphinic acid Me,PO,H Howevei the '-P- 
■ictivity of this fraction (33 per cent of the total activity) was laigci than the sum of 

* This study is part ot a thesis subiliittcd by L Ku”el lo reelimoii Isiael Insliiute ot Technology 
in partial fullilment of the requirement toi the degiee ot M Sc 

M Hai MANN, Prof Chem Soc 289 (I9(iO) and ( Iwniind f < i^ of \'ii(hoi Ti onsfo mnlions”. 
Proceeding of a Symposium by the Inlcrnaiional Atomic 1 nergy Agency. Prague 1960 published 
m Vienna, 1961. p 197, arc lo be considcic’d Pin 1 

M Haimann and L Kucai Bull Ptw Coiimil hiail 10 A, 124 (1961) L KuciFL and M 
Halmann, Jhid 11 A, 205 (1962) 
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I k, I l’a|n.r clirnmatography (astcnding in n-piopanni, ammonia, walei 6 ^ 1) 
ol wall activity alUi neutron activation of MciP (a) Without ocidation (b) ATloi 
oxidation with bromide water 


cpm t 
80 



hic, 2 “ Paper electrophoresis (in 0 IN lactic acid at 8 5 V cm ' for 4 hr) of wall 
activity alter neutron activation of MC3P 
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activities of these two acids, determined separatclyby paper clectrophoiesis (see P ig 2) 
The difference in activity (about 12 per cent) was piedicted to be due to inciln/- 
phospliiiuc acid, Me(ff)POjH This compound was tlicrefore synthesized'** and its 
behaviour in paper chromatography and electrophoresis (bcTore and after oxidation 
with bromine water) fitted that of the unexpected *-f’-activity Results for several 
iiins aie given in Table 1 Ti imcthylphosphine oxide and pyrophosphoric acid were 
not lormed in appreciable yield in these expeiiments 


rxwi I -Yin I) piR cisr or *-P-( oniaimm. PRonia is ai ipr muiros iRRAniAiiiiN i\ rut 
inruMAi (()iiMNAr2 10'" m i. iros c \i - su ' 


Run no 

1 

2 

3 

4 

s 

6 

7 

Mt,P(nini Hg) 

204 

146 

84 

38 

14 

3 

Liquid, 78 

Irradn (hr) 

3 

3 

6 

25 

25 

78 

3 

PH, 

26 8 

30 4 

32 1 

26 9 

26 I 

3 8 

5 8 

MePH, 

1 8 

5 3 

2 2 

4 1 

2 3 

2 4 

5 3 

Me.Pll 

0 0 

2 2 

1 9 

2 5 

1 9 

2 1 

4 7 

Me,P 

0 5 

0 6 

04 

07 

0 6 

04 

3 0 

H,PO, 


14 5 





8 5 

11, PO, 


6 





6 5 

H,PO, 


1 1 5 





100 

H,P.6- 







1 2 

McPO.H, 


11 s 





24 5 

McPO,ll_ 


9 





4 0 

Me.Pttdl 


9 





21 0 

MejPO 







5 5 

loial noii-volatilc 








actiMly 

70 3 


63 4 

62 9 

6') 2 

' 1 2 



Lujuul phase tn achat tons 

At the temperature of a diy-icc acetone bath (- 78 ) trimethylphosphine is 
mainly in the liquid phase (the (lee/ing point is 84 5 ) As shown in Table 1 
(Run No 7), the mam effect of ii ladiation at 78 eompaied with iriadiation at room 
temperature is in the consideiably enlarged )ield of Mc(H)POjH McjPOjH, Me^P. 
Mc,PO and pyropfiosphorie acid The incicascs m yield arc mainly at tfie expense of 
phosphine and orthophosphoi le acid 

S< at enper espennients 

Attempts to find sctiveiigcis foi fiee ladieal leactions duiing ncution capture in 
tiimethylphosphinc arc dcseribed m T.ible 2 Runs 19 and 20 weie made on tri- 
incthylphosphine mixed with small amounts of eithei 1-buteiic oi ti iincthvlaniine 
(containing 20 per cent dimcthylamme) In ncithei case was any inaikecf ctiange in 
the yields of tfie volatile prciducts cibseivable cmnpaicd with results in pure tri- 
oicthylphosphine (Run No 1) Many iiradiation experiments were also made on 
mixtures of trimethylphosphine and methane, but the '-P distiibution m the pioducts 
"■as of poor reproducibility Attempts to asciibe these etlc-ts to scaveimei action of 
tiace impurities of oxygen or xvatci vvcic not successful 

"D fiAT, M Hai MANN. L K.iic .1 1 .Hid J RiimiN J them Soc 3837 (l%2) 
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7 AHI F 2 Si ARC II FOR SC A\[NUIR I IIEC IS DlIRINCi IRRADIAIION IN TUP THERMAL COLUMN 



Cids miMurc 


PH, 

MePH. Mc.PH 

Me,? 

Non -volatile 

Run 


Added giis 

products 

no 

min Hg 

mm Hg 





1 

204 



26 8 

18 06 

0 5 

70 3 

iy 

194 

1-Huicnc 

29 8 

3 6 14 

0 9 

64 3 



4 inm 





20 

196 

MCjN 

Mc.NH 

30 4 

3 7 3 2 

1 3 

61 4 



2 7 

nim 






Tauii 

3 — Viiii 

D FFR fFNJ OF 

P-CONI AININ(, PRODUC IS WIIM f HANC.L 




IN PARLNI (TAROU) (OMl'OUND 



Run 

Target 

Added 

nim 

Water 

Products 


no 

(mm Hg) 

gas 

"s 

mm Hi! 

O 

PH, MePHj Mc.PH 

MCjP 

Non \ olalilcs 

29 

Me,P, 4 8 

Hj 

410 

- 

62 3 11 0 1 

0 05 

36 5 

27 

f>ll„ 5 5 

CH, 

550 


48 6 3 6 0 3 

02 

40 0 

28 

PH,, 5 7 

CM. 

670 

08 

45 0 10 0 0 7 

0 8 

43 5 


Variaiton of tait'el compound 

In dll the irradiations described in Tables i and 2, the target compound was tii- 
methyl phosphine The -^-P-labelled trimethylphosphine isolated after irradiation may 
therefore be due either to primary retention or to some recombination reaction 
of a recoiling “free” phosphorus atom Similarly, the '^P labelled dimethylphosphinc 
and mcthylphosphinc may be due to partial letcntion The experiments described 
in Table 3 were carried out to test this possibility In Run No 29 trimethylphosphine 
mixed with a large excess of hydrogen was irradiated, and yielded only 0 05 _l 0 05 pei 
cent of’’’? in the Me,P fraction In this experiment reactions of free phosphorus atoms 
to reform methyl- phosphorus bonds are improbable and the results piovide an uppei 
limit of 0 1 per cent for the primary retention 

Runs Nos 27, 28 are the inverse experiment Here phosphine was irradiated in i 
large excess of methane Since no methylphosphines were originally present, the yields 
of ■^‘^P-labelled methyl, dimethyl- and trimethyl-phosphine must be due solely to 
reactions forming these compounds For some yet unknown reason, the addition 
of traces of water during the irradiation seems to enhance the yields of methyl- 
phosphines Tn Runs 27 and 28 the yields of methylphosphines are of the same ordci 
of magnitude as in irradiations of trimethylphosphine, this proves that essentialK 
products are due to recombination and that failure of bond-breakage during neutron 
capture in gaseous phosphines is negligible 

DISCUSSION 

While the volatile ®“P-contaming products of thermal neutron capture m tn 
methylphosphine were determined by gas chromatography in a helium atmosphere"’ 
and may thus be the original stable chemical forms obtained after recoil of '’^P nuclei 
the non-volatile products were determined in the presence of air Almost all tl' 
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K (il Ki lllil ( I Mill' \N 


iiilcuLucd in Tnblc I. rhis noicspi'Hils l(' ilk ol w.ucr m r 

chloroform hhink 

The \jIuc ohtjini'd f'loin 'Lihlc I indit.ilC'^ ^2 nudes ol wuiei associ, tied mih cuih 
mole of Uinilllim(\l) m the cMUilcd plusc The mcjn id Ihicc independent 
expennienls w.is 5 ^ / S nudes ol w.iler pet mole o! iihiniuin(\ U 

NJliIIki (he tli(i\(iiiianiiiin( \'l) non iioi llic S-iiiiinolmol tonipound reacted with 
(he kail ( iscliLi Rcaeciir 


I Mil I I I I \sl si.ll Mil s III 11 l(MI\ \ I |0\ Ol ||||. 
M MU! K 1)1 \\ \ I I li Ml )| I 1 I I I S \SV)C lA I Ln W| I II 

hIM S I .1 IS.II isnl ) l)ln\o| H WII'M ( V I) Milvi 1 


S miple 


) 

(3)0) 

( \)- 

1 

0 00 

I'll 

0 0 

OIXXX) 

") 

0 00 

1 86 

0 0 

OOOtX) 

\ 

0(K) 

192 

0 0 

0 0000 

4 

OtK) 

189 

0 0 

0 (XXX) 

s 

0 (K) 

I9t 

0 0 

0 0000 

6 

0 00 

191 

0 0 

0 0000 

7 

0 00 

192 

0 0 

0 (XXX) 

S 

0 00 

186 

0 0 

0 (XX)0 

9 

0 17 

191 

32 5 

0 0289 

10 

0 17 

206 

35 0 

0 0289 

1 1 

0 17 

19t 

32 8 

0 0289 

12 

0 17 

192 

32 6 

0 0289 

1 1 

0 29 

191 

554 

0 0841 

14 

0 29 

190 

55 I 

0 0841 

15 

0 29 

204 

59 1 

0 0841 

16 

0 29 

186 

53 9 

0 0841 

17 

0 40 

221 

88 4 

0 1 600 

18 

0 40 

195 

77 2 

0 1600 

19 

0 40 

193 

77 2 

0 1 600 

20 

0 40 

186 

75 2 

0 1()00 

21 

0 57 

191 

108 9 

0 3249 

22 

0 57 

191 

108 9 

0 3249 

2t 

0 57 

188 

101 7 

0 3249 

24 

0 57 

194 

110 6 

0 3249 

n 24 

5~li 

4fiT2 

1 104 5 

3 3916 

Slope 

on \ 

( Y)( V) 

231 V)2.( V) 

(a)2.(\q 

2.( V)' 



52 




InlerCvpl 

l.iXPlL.i't) 

2. ( 4 ) L ( \ )( K) 



2: (A')' 
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It was noted that the chelate apparently dissociated after a certain number of 
hours This was confiimcd through spcctiophotometnc analysis of the chelate solu- 
tions with respect to time An aqueous dioxouranium( VI) nitrate solution was 
observed to undergo some sort of hydrolysis also after a period of several hours 
standing This was accomplished by a drop in the pH value indicating an hydrolysis 
mechanism This may be directly related to the chelate instability as well 

Because of the chelate breakdown with time, the half-life of the water-chelate 
association could not be followed Apparently, the water was there as long as the 
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•*2p containing products identified on the walls of the irradiation tube were phosphorus 
oxyacids, yet we do not know whether the oxidation occuiied tilready during the 
process of “cooling down” ol the recoiling atom, or only alter opening the tube 
to an Although the lubes used had been degassed piioi to irradiation to a pressure 
of 10 ’ mm Hg, the number of oxygen atoms liom water and air remaining at this 
piessurc (about 10’^) is of the same ordei of magnitude as the number of '-P atoms 
produced 

One possible reactive intermediate is the molecule H -C P Its reactions 
may account for some of the obseivcd ‘-P-producls, such as 

CHjPH,, CH,P(HKO)(OHf and CH,PO,H, 

A hypothetical intermediate lot dimethylphosphorus derivatives could be (CH,),P, 
the positive ion of which was found in the mass spectrum of tiimelhylphosphine 

I he yield of "“'P in the parent fiaction aflei iriadialion m the liquid phase at 
78 (Run No 7) is similar to that obtained fiom humd tii-n-but^l phosphate, 
a large fraction of which was con^Idclcd to be due to piiniai;^ retention 

Sc (11 en^ei s 

In studies of chemical ellects of nuclear recoil of halogen, tritium or carbon 
atoms, a variety of “ladical scavengers” have been discovered, the piesencc of traces 
of which dunng ii radiation piexcntcd the formation of part of the radiochemical 
products The “scavenged” (i action, the part which is thus prevented from being 
loimcd. IS generally considcied to be due to reactions of atoms or radicals in the 
thermal energy range No such scavengers have been presciibed for phosphorus 
atoms, and it was therefore necessary to seaich loi suitable compounds Halogen 
01 oxygen molecules are often used m other syslenis, but could not be used with 
tnmethylphosphinc, because they would immediately be consumed forming tri- 
methylphospbinc dihahdes. or tnmethylphosphinc oxide Nitric oxide was tiicd, but 
was found also to icact rapidly with irimctlixlphosphinc 

A pronounced scavenger effect of cyclohexane was observed for the neutron 
iiiaduition of phosphoius tnchloiide, but was asciihcd to scavenging of free chlorine 
atoms We found that 1-Butenc li.id no appicciabic eHect on the yields of ^-P- 
containmg products from gaseous tnmethylphosphinc (sec Run 19 in Table 2) 

Distnhution of iccoil pt odin (s 

It IS possible to divide the ’’-P labelled pioducts atiei neutron iiiadiation of 
tnmelhylphosphine into four groups depending on the luimbei of methvl-phospliorus 
bonds which they contain This distiibution is diUcient toi products formed after 
iiiadiation in the gas phase (see second column of Fable 4) oi m the liquid phase 

1 t Giir, y Amir Chem Soc 83, 1769(1961) 

' ' M Halmann, y Chem Soc ^270(1962) 

K I SiLKitRSKA, A Halpern and A Siuoa, SiiKIconika 5, 633 (I960), Chemical I fjc’cti of 
NucU-ar Tiansfoiiiwtwn'. ' Troceedings ol a Svinposiuni bv the Inlcrnaiional Atomic f nergy 
Agency, Prague I960, published in Vienna 1961 p 171 1 G c'acipheii.A Por/v najlo and 

A SiuiM, y Inoiir Nud Clwm 10 , 225 (1959) A Sivo\. Scikhomka 7, 623 (1962) 

’ M Hai MANN and L KuciEL, y Clicm Soc 32''2(I962) 

H ITrawe and A HenciLEIN y Saliiijonch 17 b, 486 (1962) 
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(third tokinin) ] he hist-iovv includes all inoigaiiic picrdiicts-phosphme and inoi- 
game phosphoius oxyacids, the second lovv includes methylphosphine and all methyl- 
phosphorus oxyacicls, etc 

It IS possible to make a lough piediclion of the distribution of yields to be expected 
111 dilute gaseous phase, by assuming that hot a toms have equal affinity for becoming 
attached to hydiogcii oi caibon atoms on colliding with trimethylphosphme mole- 
cules Since the luimbci of hycliogen atoms is thice times that of the caibon atoms, 
and neglecting the dillcicnces m atomic diameteis oi scLivengcr effects of impuiitie^ 


Toni 4 DisiRiiii iinN oi MiiMVL i»iic>si-iiorl's-32 ( on i ainin(. i>koi)1’( is 


No o( I’ t bonds 
in pi od lie Is 

0 

1 

-) 

3 


V icid tioin eas 
phase iiiadialioi) 
("„) 

62 4 
2 *; 8 
I I 2 
0 6 


Yield Irom ht|iiid 
phase irradiation 

32 0 

33 8 
25 7 

8 5 


Yield caleulaieel 
by statistic'dl model 

("o) 

42 2 
42 2 
14 I 
1 5 


the distiibution expected by puiely statistical consideiafions is lhat given in the 
touith column of fable 4 The yields of oiganophosphoius pioducts aftei gas phase 
iiiadiation was always less than predicted Altei liquid phase ii radialion, the yields 
ofdi- and ti imcthylphosphoi us pioducts weic highei lhan piedicted The pieleieiice 
foi inorganic products fiom gas phase ii radiations may be explained by scavengei 
ellects of some unknown trace impurities oi by a preference of absliaction of a 
hydiogen atom lathei than a methyl group, since the caibon atoms aie m pait 
scieened by hydrogen atoms The mcieased org.mophosphoi us yields in the liquid 
phase irradiation seem understandable as clfects ol a cage of free methyl laclicals 
m the vicinity of the hot phosphorus atom 

Pninaiy letcuiivii 

The pioblem of the extent of piimaiy letention following neution captuic iii 
phosphorus compounds has been subject to considciable discussion J he 

observed yield of ’-P in the paient compounds after neutron ii radiation ol 
liquid**’' or solid*'" phosphorus compounds was always more than 2-5 per cent ol 
the total activity To account foi these results, a theory has been developed*'*" which 
makes it possible to predict the probability of partial cancellation of momenta ol 
oppositely directed }'-iays of the y-cascade following thci mal neutron capture Assum- 
ing the cascade to be emitted simultaneously as three equal y-quanta with landom 
angular correlation, a simplified formula was proposed*'*" for the probability f’ 
of failure of bond breakage, 


in which r - V (2A and 1-321 E Jn, A is the mass of the recoiling atom 

P A StLcrKS and P A Sirain, J fiiori; Hud Chem II, 84 (1959), L Linonir atn 
G Harbotili, Ihtd 15, 386 (1960) 

I G Campbell, Polish Academy of Sciences, Institute ol Nuclear Research, Report No 9/3 
Jan 1958, Niikleonika, I, 605 {\951) 
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E IS the total gamma energy following neutron capture (7 92 McV for n is the 
average number of y-quanta simultaneously emitted- and is set equal to three mm 
IS the minimum recoil energy of the recoiling atom required to effect bond rupture 
This recoil energy is larger than the bond dissociation energy of the bond to be 
broken, because part of the cncigy is lost as kinetic energy of the whole molecule 
Consideration of conservation of momentum require that 

mm - EviA ! R)lli (2) 

By Equations (1) and (2), inserting the values 2 83 eV (or 65 3 kcal/mole), 

the mean P CM, bond dissociation energy*’-' and W — 45 (thiee methyl groups) 
a value ol /rmm 4 84 eV is obtained for the minimal recoil energy and therefore 
l\, 0 14 per cent for the yield of primary letenlion in thermal neutron capture 

in trimethylphosphine This calculated value is of the same order of magnitude as 
the observed retention, 0 05 pei cent (see Table 3. Run 29) 

For thermal neutron captuie in phosphine, using the mean bond dissociation 
cncigy b (P — H) 3 34 eV, the failure of bond breakage calculated by Equations 
(I) and (2) is 3 2 per cent However, the obseived yield of ^-P-phosphine from a 
phosphine methane mixture (Run 27) is much larger, and is thus probably due 
mainly to hydrogen abstraction reactions 

It IS of interest to find out to what extent the assumptions inherent m Equations 
(I) and (2) cause the discrepancy between the calculated and the observed results 
It was iissumcd that three equal quanta of y-rays weie emitted in landom direction in 
space within a time that is shoit relative to the period of bond vibiation. which 
for the P— C stretching vibration frequency of 652 cm ' in trimethylphosphine”” 
corresponds to a time of 5 10 ” sec Howevei the }'-spec;ium radiated after 

neutron capture in phosphorus consists of a number of unequal peaks ”” between 
which a definite angular correlation has been observed The resolving time of the 
coincidence spectromctcis for these angulai corielation measurements was 2 10 

sec, and it is therefore unknown il one may safely assume three y-quanta to be emitted 
within less than 10 sec 


tXPERIMFNTAL 

Malei idti 

Tiimcthyl-, dimethyl-, niclhvlphosphinc and phosphine \M.rc piep ired and punfiLd as described 
1-Butcne (Matheson Co ) was used without purihcalion 

Trimethylamine (Tluka AG) was shown by gas chromatography to contain 20 per cent ofdimcthyl- 
aiTune The iinscparaled mixluie was used in the scavenger cxpeiimenis 
Methylphosphinic acid was obtained as described 

Methane was condensed by pkicing ihe quart/ irradiation lube into i Dewar flask with liquid 

"" H Suiss, Z Pin s Clwm , 45 H, 297 (1940) 

T L CoTiRFl 1 , The Slieiii^’tln of Chemna! ttomh (2nd Id ) Butleiworth London (1958) 

M Hm MANN, S/i<ctK>f/iomrj Aita 16,407(19(4)) 

L V Groshfv, A M Dimidov, V N Luisfnko and V I PiiikHov Mhn of Oontma Spectra 
fiorn Radioactii e Captiin of Theiiiial \eiilions Pergamon Londvn (19S9) 

G A Barihoiomi-v and 1. A Hlta.s 'Compilation of Theinial WuIkoi Capnoe Ganima Raw' 
Atomic Energy of Canada Ltd Chalk River Project CRGP 784, AECCl No 669 1958 
" 'G Manning and G A Bartholomi v, P/ii v Rci 115,401(1959) 
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air, which was cooled by pumping with a mechanical pump to 50 mm The vapour-pressure of the 
methane was thus decreased to 5 inm ( — 198 ), and the quartz tube could be sealed without carboniza- 
tion (which occurred at higher pressures of methane ) 

hraJialiom 

All irradiations were carried out at the innermost position in the thermal column of the Israel 
Research Reactor No 1 at a neutron flux of 2 ' 10‘“ neutrons cm"''sec'S and a cadmium ratio 
of 500 The normal reactor temperature is 25“ Trimcthylphosphine was irradiated in 40 ml quartz 
tubes with bicakseals, as described Lach tube was accompanied by a small polyethylene tube 
containing about 40 mg of triphcnylphosphinc (British Drug Houses) which was counted afterwards 
and seivcd as a monitor foi the total neutron dose absorbed by the trimethylphosphinc 

Irradiations at -78 were made lor 3 hr by placing the quartz tubes (8 ml volume) into powdered 
dry-icc in a block of loarned polystyrene in a polyethylene flask 

Sepal at Kill nielhotls 

Gas chromatographic separation of phosphines was carried out using 25 per cent Dow Co'ning 
702 Silicone Fluid on 35-50 mesh tircbrick at 50 ' 1“ with a 31 I ml/min flow of helium carrier 
gas, using a Gow-Mac Model 9191 {TI:1I) thermal conductivity cell detector at room tempcratuie 
Peak maxima appeared at the (tillowing tunes, PHa, I 5 1 ; 0 1 min, MePHj, 2 6 1 0 2 min, Me^PH 
6 9 ’ 0 6 min, McaP, 10 I I mm 

Aftet distilling out the volatile phosphines in a vacuum system"’ the quartz lube was rinsed 
out with distilled water (I or 2 ml) into a volumctiic flask Aliquots (0 025 or 0 05 ml) were used for 
each chromatography or electrophoresis Paper chromatography and electrophoresis'" techniques 
have been described 

Paper strips after chromatography or electrophoresis were dried in warm air and cut into 1 cm 
segments which were placed on aluminium plates, covered with Cellotape and counted wtth Mylar 
end-window proportional counters under conditions of about 50 per cent geometry 

Acknowleclpemenl- -The authors are indebted to Prof A Hai fvi for stimulating discussions and to 
the staff of the Israel Research Reactor for carrying out the pile irradiation This work was sup- 
ported m part by grant RG-5842 fiom the U S Public Health Service 
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RELATION BETWEEN THE PARTITION COEFFICIENT 
OF GeX^ MOLECULES (X Cl, Br, I) AND THE 
SOLUBILITY PARAMETER OF THE SOLVENT 

S SiLKiiRSKi and R Olszer 

Department of Radiochcmisiry, Institute of Nuclear Research, Warsaw 
(Rccvivein Muich 1963) 

Abstract — The extraction of germanium from HCI. HBrand HI a^icis solutions into 18 inert solvents 
has been studied The determined distribution ratio has been correlated with the solubility parameter 
of the extracted GeX^ molecule and with the solubility parameter of I'lc inert solvent 

A PREVIOUS sludy*^> of the influence of diluent on the estraction of Eu and Th from 
nitrate solutions by tri-n-butylphosphate has shown that the logarithm of the activity 
coefficient of the complex (Eu(NOj)j 3TBP or ThlNO^)^ 2TBP) m the organic 
phase decreases approximately linearly with the increase in the solubility parameter 
ho of the diluent used From HildebrandV’’ theory of mixtures the following 
relationship can be derived between the activity coefficient of the complex /< and the 
solubility parameter of the diluent ^ 

In/i -= fUo-hoF (I) 

where h, denotes the solubility paiamctcr of the extracted complex The author 
was not able to confirm quantitatixcly the above relation for the cxiiaction of 
europium and thorium with TBP for two leasons 
(I) The activity coefficient of the compfex was calculated from the measured 
distribution ratio and from the activity of TBP, and was thcrofoie subject to a 
considerable error 

(2) The solubility paiametcrs of the complexes of Eu and Th with TBP are 
probably much higher than the solubility parameters of the diluents used, and there- 
fore only the far left-hand part of the thcoiclically predicted parabola could be 
observed This part might not dilfcr very much from a straight line 

The relationship observed has nevertheless shown that the interaction between 
the complex and the diluent can be explained imicli better m terms ol the solubility 
parameter of the inert solvent (diluent) than m tcims of othci physico-chemical 
constants (dipole moment, polarizability, or uiclectnc constant) as suggested by 
other authors One might therefore expect the concept ol the solubility paiametcr 
to be of general use for the prediction and intcipietalion of the extiaction of inorganic 
compounds, as has been shown for the cxtiaction of oigaiuc compounds 

To study quantitatively the role o! the solubility parameter of the inert solvent 
(called “diluent” in the previous paper) a sunplci case ol extiaction, viz that of 
where X - Cl, Br or 1 was chosen This system has the follow mg advantages 
compared with that studied previously 

S SiFKiLRSKi, y Mud Chcui 24,205 (1962) 

f H Hilucbrand, R L Scon, T/ic Soluhihiv of Moiidt'ciKi/vi^^ Reinhold, New Aork.(t950) 
H Buchowski, A'a/wc, Lam/ 194, 674 -675 (1962) 
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1 Since the solubility parameter of GeClj is low | -= 8 1) it is possible to 
use solvents of highci solubility parameter than the parameter of the extracted 
com pound 

2 File influence of the solubility paiameter of the extracted compound can be 
studied witli CjcCI,, GeBi , and GCI 4 without a significant change in the structure 
and piopcrties of the complex 

.1 GcCl,, GcBr, and Gel, aie cxtiacted by the so called ineit solvents (called 
diluents 111 the pievious papci) and, as a consec|ucnce. there should be a direct iclation 
between the evtiaction coeflicient and the solubility parameter of the solvent 

To deiive quantitative relations between the extraction coefficient of geinianium 
born hvdiochloiic hydiobroniic and hydioiodic acid solutions and the solubility 
paiametci of the solvent one must assume that the extracted species are GeCIi, 
CjcBr, and CjcI, This seems obvious since the extiaction of the alternative species 
HjGcCl,, can be ciUiiely excluded in the case csf solvents which do not contain donor 
atoms, and the exti.iction of hydiated GeCI, also seems highly improbable, because 
of the low solubility of water in the solvents used Macroscale extraction experiments 
have shown that the latio of Cl to Ge is four for ben/cnc But the best evidence 
for this assumption is the agreement obtained between the theoiy and experiment 
With this assumption, the activity of GCX 4 in the organic phase is related to the 
solubility paiameter of the solvent ('>„) by the following Equation (2) 

RT In u, „ - { , (2) 

An analogous equation might be applied to the aqueous phase 

RT\n r/, „„ - (3) 

wheie a — theimodynamic activity, E, - molar volume of GeX,,, y - volume 
fraction of solvent, or water, partial molar entropy of mixing, c denotes 

the complex GeX,, o organic phase, aq - aqueous phase It has been assumed 
that the molar volume and the solubility parameter of GeX, are the same in both 
phases FBecausc of the small concentration of GeX, the terms i/o'^ and i/vui" 
nearly equal to unity and can be omitted m Equations (2) and (3) 

Putting ^ - /? In Xc. and assuming that equilibrium between phases has 

been established (ch „ — etc iki) one arrives at 

/?rin— - Rflnk,- E 

where is the partition coefficient defined as (he ratio of molai fractions 

Since for the purpose of the present work only the change m the partition coef- 
ficient with the solvent is important, one of the solvents can be chosen as a standard 
Then 

k , , RT 

where s stands for standard solvent The assumption has been made that the com 
position of the aqueous phase is constant, and that K( has the same value in all tlv 
solvents 

Since the molar volumes of the complex and of the solvent may differ quit 
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appreciably in some cases, it seems more leasonablc to put A?,'' -/?[ln7c - 

(I — K,/K)] into Equations (2) and (3) instead of the ideal value r/r m this ex- 
pression IS the volume fiaction of the complex, </ and f are the volume fraction and 
the molar volume of the solvent, or of the watei Thus, one anises at the following 
equation for the latio of paitition coefficients for two solvents, where one has been 
chosen as a standard 

(-r “tI 

S or ' f o t 

where - c/, ^/r/, .i,, is the partition coefficient defined as the ratio of volume 
f I actions 

Assuming that there is no dissociation oi association in the oiganic phase the 
ratio of partition coefficients is equal to the latio of Ihe experimentally measured 
distiibution coefhcicnls In A,/A,^ s hi DJD^ , .ind In A, /A, ^ - 

It follows from Equation (5) that In DJD, ^ should be a parabolic function of ho 
The relation between In 0,JD,^ s and ho niore comphcaled The purpose of the 
picsent paper was to examine the piedictioiis of the theory m the case of extraction 
of GeCl 4 , GeBr, and Gel, 

fXPt RIMfNTAL 

Jicai^cnls 

fhe solvents used are labuKited in fable 1 They were punticd by standard methods To obtain 
'Hie iMter, high purity geimaniiim metal was irradialcd in ihc Polish rcactoi EWA The irradiated 
sample was dissolved in 2 M sodium hydroxide containing After dissolution concentrated HCI 

was added to reach a final concentration of HCI <ibout 7 3 M 

Dfiinmiuition oj ihv (Inirihiition laito 

To measure the distribution ratio 15 ml csf 7 30 M HCI, containing the 'Gc tracer were equili- 
brated with 15 ml ot the solvent for 10 nun The phases wcie scpaiatcd, the aqueous phase discarded, 
and the organic phase equilibrated with a tiesh portion ol 7 30 HCI without ''Ge tnider This 
procedure was repeated four times I he aim was to remove '"As a daughter isotope ol 'Xie As (V) 
IS not extracted from HC 1 and HBr solutions by inert solvents 1 he oxidation was accomplished with 
HjO, during dissolution of the germanium metal The me.isured distribution ratios were the same lor 
the second, third and fourth equilibration, which meant that ''As was completely removed in the first 
equilibration The icsult of the fourth equilibration was accepted as the value of the distribution 
ratio of ’"Ge In the case of extraction liom hydrobromic and hvdroiodic acid solutions the first 
equilibration was earned out fiom HCI solution Since the disirihution ratio ot germanium is 
strongly dependent on the concentration of the acid all the equilibrations were carried out trom the 
same stock solution of HX All experiments were earned out at 20 C 2 

For each diluent at least three independent mc.isurcmeiuswc!c earned out The error of the mean 
value of the distribution ratio was calculated to be about ' 6 per cent at 95 per cent confidence level 

RESULTS AND DISCUSSION 

First, the influence of the germanium earner concciitiation on the distribution 
ratio was investigated No change in the distiibution ratio was found for germanium 
concentrations ranging from 10 ^ to 10 ' M AU the experiments described below 
were carried out at a germanium-carrier concentration of 10 ‘ M 

The results of the extraction of germanium from 7 30 M HCI 6 50 M HBr and 
5 20 M HI are shown in Table 1 and Fig I As a standaid solvent, hexane has been 
chosen Most of the values of the solubility paiameteis of the solvents were taken 
I’rom reference (2). those maiked by asteiisks were calculated from boiling points 
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1 K< I The dependence <il „ on the solubility p.ii.imctcr of the inert solvent 

IftViinc was used .is a standard solvent 
(a) 7 10 M HCI, (b)6 50 M HBr, (t) 5 20 M HI 

It can be seen from Fig 1, that there is a qualitative agreement between the experi- 
mental data and the theoretical predictions, since the experimental points fit in each 
case to a parabola predicted by Equation (5) The position of the maximum of the 
parabola moves from lower to higher values of when Cl atoms in GeX, molecule 
are replaced by Br and I atoms This change is also in accordance with Equation 
(5), since the following relation between solubility parametcis of various GeX, 
molecules is to be expected 

li ' - 'Vfnr4 ■ - ^(,( l4 

To check the agreement between experiment and theory m a more quantitative way 
two methods were applied 

(1) The values of the solubility parameters of GeCl 4 and GeBr 4 in each solvent 
were calculated from Equations (5) and (6) using hexane as a standard solvent and 
putting ^ 115 and -- 125 (the value for is that for the solid 

GeBr 4 ) The value of the solubility parameter should be the same in each solvent 
In most cases the values of (3, calculated foi various solvents do not differ very much 
(Table 1) The differences observed are of the same order as those encountered in 
the determination of solubility parameters of Ig, Snl 4 , 5'g and from the solubihtv 
data The mean value of cj^ is very near to that evaluated from the heat of 
vaporization The two sets of data, one calculated by means of Equation (5), and 
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Tabie I 


Distribution ratio 







'Vi 

1,(1, 

Hr 

4 



GeCl, 

GeBr, 

GcTi 

Calc Ironi 
tqualion 
(5) (6) 

Calc from 
equation 
(5) (6) 

IsoocUnc 

6 85 

3 16 

0 94 

— 

7 8 

8 I 

8 4 

8 6 

n-Hcxanc 

7 3 

4 44 

1 53 

0 76 






n-Hcplanc 

7 45 

4 22 

1 55 

— 

7 9 

7 8 

88 

8 8 

n-Octane 

7 55 

3 76 

I 40 

0 79 

7 9 

7 5 

88 

8 6 

n-Decane 

7 7 

2 98 

1 38 

— 

7 5 

7 3 

9 2 

8 9 

n-Hexadecane 

80 

2 48 

1 06 

071 

8 4 

7 4 

9 1 

8 4 

Cyclohexane 

8 2 

5 14 

2 52 

2 28 

7 7 

7 7 

87 

8 6 

Carbontetra- 

8 6 

6 76 

3 27 

— 

8 1 

8 1 

8 8 

8 8 

chloride 

Toluene 

8 90 

4 35 

281 


7 8 

7 8 

8 8 

8 7 

o-Xylene 

9 00 

3 97 

3 15 

— 

7 9 

7 9 

90 

9 0 

1,2-Dichlo- 

9 1 

5 63 

3 35 

- 

7 8 

7 7 

86 

8 4 

rocthylenc 

Benzene 

9 15 

4 02 

2 99 

3 82 

7 6 

76 

8 6 

8 8 

Chloroform 

9 3 

6 17 

3 07 



8 1 

8 0 

8 6 

8 5 

Tnchlorocthy- 

93 

5 50 

3 03 

— 

8 1 

8 1 

8 7 

8 6 

Iciie 

Chlorobenzene 

9 5 

3 34 

2 87 

2 83 

7 8 

7 8 

8 8 

8 8 

1,1,2,2-Telra- 

9 7 

2 67 

2 15 

— 

7 9 

7 9 

87 

8 7 

chloroethanc 

1,2-Dichloro- 

9 8 

271 

1 80 

— 

7 6 

7 5 

8 3 

82 

ethane 

Bromoform 

10 5 

2 13 

2 70 

5 00 

80 

8 c 

90 

9 0 





Mean 

7 87 

7 77 

8 75 

8 76 


the other by means of Equation (6) do not dilTer m the constancy of the value 
This implies that both methods for calculating the paitial molar entropy of mixing 
can be used equally well for evaluating solubility parameters from extraction data 
(2) The other method for comparing the experimental results with the theory is 
as follows Equation 5 was rearranged as follows 

0 “KRT k 

log ^ ^ -E.a 2r.i^. (7) 

Oq — Oq A J. q 

The left hand side of the new equation was plotted against (f\, - iT) and a straight 
line was drawn through the points by the method of least squares (Fig 2) Again 
hexane was used as a standard solvent From the slope of this line and from the 
intersection syith the ordinate, the values of \ , and (^, were obtained The results of 
this calculation are given in Table 2 The agreement with the '\ and Fp values for 
CjeCl,i determined in othei ways is satisfactory , the values of hp and I p for GeBr 4 
and Gel 4 seem to be reasonable The values of F( and hp obtained by this method 
were used for the calculation of the parabolas in Fig 1 

The results of the present study indicate that with the aid of the solubility param- 
eter, predictions concerning the influence of solvent on the extraction coefficient of 
GeC!^, GeBr 4 and Gel^ can be made The question arises w hethcr the concept of the 
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solubility puiiimetcr can be equally well applied to more complicated systems The 
system studied in this woi k may be regarded as a simple one for two leasons (a) no 
oiganic complexing agent takes part in the extraetion, (b) the molecules of GeX, 
aic symmctiic m contiast to those of the majority of complexes encountered m 
cxiiaclion systems ol piiictical impoifancc As to the first point, the only com- 
plication aiiscs liom the fad that m the cases whcic a complexing (cxtiacting) agent 
IS vitally impoitaiit for extiaction, its inteiaction with diluent must be taken into 



I'K. 2 — The dependence ol if 2 3 RTI{<)„ fT) log kjk^ , on p -\ h 

Tabi e 2 


OeCI, 


GeBr, 


Gel, 


<). 


K 

(cm ') 


V, 

(cm‘) 


K, (cnF: 

Tiom 

Equation 

(7) 

From 
the heal 
of vapo- 
risation'^' 

From 

Equation 

(7t 

From 

Reference 

(2) 

From From 

Equation Equation 
(7) (7) 

From 

molar 
volume 
of solid 
GcBr, 

From 

Equation 

O) 

From 

Equation 

(7) 

7 9 

8 1 

tl4 

H5 

87 

131 

125 

98 

134 
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chelate was present, but the amount of water present in the chloroform returned to 
the blank solubility after the chelate had dissociated 

All of these extraction studies were carried out at 25 0 C The temperature was 
quite a critical factor as was already mentioned with respect to the process of 
centrifuging 

TaHU 2 FiFECr op ( l NIRIEUCiI-IIME on IML SOIIJBIUTY Oh 
WATER IN (IIIORCJIORM 



Cenlnfuge time 


Mg H.O per 25 00ml of 

Sample 

(min) 

Tenipeidturc 

chloroform 

1 

1 

25 0 

36 53 

2 

1 

25 0 

34 97 

1 

1 

25 0 

35 16 

4 

1 

25 0 

34 68 

5 

1 5 

25 0 

35 92 

ft 

1 5 

25 0 

36 51 

7 

1 5 

25 0 

36 04 

8 

1 5 

25 0 

36 21 

9 

I 

27 5 

31 22 

10 

t 

27 5 

28 83 

1 1 

t 

27 5 

29 32 

12 

S 

27 5 

31 54 


It \sas observed repeatedly that the extraction vvas 57 per cent complete after a 
single extraction Although the literature*'* suggested several methods for improving 
the per cent extraction, such as multiple stage extractions increased ligand concen- 
liation and vaiying pH values it was found that these improvements entailed much 
grcatei cxpeiimentai error rather than less, for the purpose of this experiment 

The per cent extraction (sec Table 3) was calculated by making up an aqueous 
solution of known concentration and measuring the chloroform layer speclrophoto- 
metrically A Recr’s Law calculation was applied using the molar absorptivity given 
in the literature 

lAHlh } — Dl ItRMINAIION Of PLR CLNl I \ I RA( tION 0^ BIS(8-Q1.)| NOMM )L) I>I( IXOl R A\|L'M( V]) 

SI'l CTROPHOIOMFTRK'ALLV 


Sample 

C oiKciitr.ition m 
aqueous phase 
originally 

Ahsoibancc ot 
Chlorolorm 
estr.Kt 

Concenlralion 

found 

Ter cent tstraction 

1 

00 

0 000 

0 


2 

1 0 10 " 

0 142 

0 57 10 " 

57 

3 

40 10 " 

0 605 

2 30 10 “ 

57 

4 

100 10 “ 

1 450 

5 70 10 ■* 

57 





\\ciage 57 


fhe effect of pH in the aqueous phase on the number of molecules of water 
associated was not investigated as the extraction system had a rather narrow optimum 
pH range of ff 0 9 0 However, the elfcet of solubility of water in the chloroform layer 
as a function of pH was investigated and found to be negligible over the range of pH of 
the extraction The results m fable 4 indicate a slight inciease m the solubility of 
water m chloroform with increase of pH in the aqueous layer However inasmuch as 
the pH of the experiment was maintained at S 8 ' 0 1 units, the effect is essentially 
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account This can be done by determining the thermodynamic activity of the extract- 
ing agent in the diluent, as in previous papcis " ” As to the second point, the 
symmctiy of GeXj molecules does not necessarily imply a drastic diffeience in inter- 
action with the surrounding molecules, in compaiison with the inteiaction of asym- 
metric and polar molecules As a icsult ol the rather high polarity and polarizability 
of the C X bonds, the interaction of GeXj molecules with other molecules includes 
the same dipole -dipole interaction component as with polar complexes It seems 
therefore that the concept of the solubility parameter can be used in the quantitative 
interpietation and prediction of extiaction of other types of complexes, even when 
they have an appieeiable dipole moment and polarizability This has been shown 
to be true in a semiquantitativc manner in the ease ol extraction with TBP"’ and 
long-chain amines 

“'W Smlii 1 K and S SiiMrKsKi,7 hioi^ Nud (luni, 24^ lf)5I (1962) 




1 Inorg Nucl Chem 1963 Vol 2^. pp 1359 10 1369 Perpainon Prcs$ l.ld Printed in Norchern Ireland 


ELECTRONIC STRUCTURE, SPECTRA AND MAGNETIC 
PROPERTIES OF OXYCATIONS— IV 

LIGATION EFFECTS ON THE INFRA-RED SPECTRUM OF THE 

VANADYL ION 

J Selbin, L H Holmis, Jr * and S P McGlvnn 

CoUes Chemical Laboraloi ics, Louisiana State University Baton Rouge, 3, I ouisiana 

{Received II iprd 1963) 

\bstracl— Vanadium-oxygen multiple bond stretching Ircquencics have been tabulated for fifty-one 
oxovanadium(]V)and three oxovanadium (V) compounds The spread of the values may be summar- 
ized by V 985 J 50 cm which corresponds to a force constant spread, k = 7 0 ' 0 7 mdyne/A 
I he frequency shifts ate used to establish several shesrt ligand scries, and they are interpreted in terms 
ot f! and TT contributions to the vanadium-ligand bond It is concluded that frequency decreases are 
directly and primarily caused by decreased p-r — i/jr donation from oxygen to metal and to increased 
cleclrostdtit repulston ol the vanadium and oxygen species The elTect may be written 
Ai' - -a(L >A/)- 

where it is estimated that the relative importance of teims is 8 2 1, and it is assumed that the M -* L 
donation is negligible for the d' vanadium (IV) 

In a continuing study of the spectroscopic propcities of metal oxycations,*'--' we have 
been investigating the oxovanadium (IV) (vanadyl) ion Experimental evidence for 
the existence of the vanadyl ion, VO- , in aqueous solutions is strong, but not un- 
ambiguous However, Elliham*''* found that the vanadium (IV) ion in aqueous 
solutions has visible and electron spin resonance spectra which ..re very similar to 
those of the solid (ivc-co-oidiiiated vanadyl complexes and quite difi'erent from those 
of the more symmetric VCI, and six-co-ordinated chelates He concluded that the 
species present in aqueous solutions is VO’’ /iILO Further support for the oxycation 
species in preference to a more symmetiical species such as V(OH)r is summan/cd 
by Bailhausen and Grav Again the experimental quantity evaluated is the 
paramagnetic resonance g value 

X-iay diffraction studies of the solid compounds VOSO^ ^HiO"®* and VOfacac),'"* 
cicaily demonstrate the existence and stability of the VO-' entity m solid complexes 
i his IS not siiipusing when it is realized that even in VtL, which crystallizes in a highly 

* Picscnl address Southeastcin Louisiana College Hammond 1 ouisinna 
S P MiCiiynn j K. SMiiHandW C Ntri s / Chem Phw 35,105(19611 
B SiiAMUURi.i R, M .S I hesis, I ouisiana State Univeisily (I960) 

' J SiLBiN, S P McC'mNN J K Smith, G A SmiLLf and 1 J Trlix Paper picsenled at ihc 
I6ih Southwest Regional AC S-Mcelmg, Oklahoma City Okla , Dec (I960) 

"J SiiBiN, L”H Hoimis, Jr and S P McGlvnn Clum anil Indiisti 746(1961) 

''I P DiiCRiT thesis Pans University (1951) 

'"F J C RossoiiiandH S Rossoiii UuiChem Stand 9, 1177 (1955) 

' ’C K JoRCiiNSEN, /-(ffa C7n’m Scaitd 11,73(1957) 

C I Bai LHAUSi N and H J3 Gray, 7/wig Chem 1, 111(1962) 

R D Tn rHAM Thesis, University of t ahfornia, UCRL- 3867 ( 1957) 

"" M B Palma-Vittorfli I, M U Palma and F Soabiata, Ni/oid Cmunio (Senes 10) 3, 718 
(1^56), G Lunik. RFN, / tee Tuiv Chtm 75, 585 (1956) 

R P Doogf, D H Timplcton and A Zaikin,/ Chem P/ii s , 35, 55 (1961 ) 
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clistoi led rutile sti ueture, there is one shoil V -O bond in eaeh VO,, unit Chemical 
analysis and moleculai weight determination have also established that the formula 
of the acctylacetonate (acac) complex is VO(acac),, and that it is monomeric in 
bcn/enc ^ ' '* 

Indirect evidence (or the mononucleai monoxy VO-' species may be deduced 
fiom the infia-ied spectia of vanadyl compounds Barraclolk.h ct af examined 
the in(ia-iccl spectia ol sevcial complex metal compounds which weic presumed to 
contain metal oxygen multiple bonds I hey repotted that the stretching ficquencics 
of metal oxygen double bonds may gencially be lound between 900 and 1 100 cm ' 
Specilically they repoited probable V--0 stretching vibiations for the following four 
compounds VOSO,, 987, 1003, 1020. VO(acac )2 995. (NH,),[VO(ox),J 2H/), 976, 
and (N1 l,)_,[V()(m.il),] 411,0, 967, 977 (see footnote to 1 able 1 for abbreviations used) 
barlier vanadium (IV) hydioxide had been formulated as VO(OH)_, on the basis of 
its mlia-ied spectium which shows a strong band at 955 cm attributed to the 
V O slietchmg vibration 

It IS appaient from the above values for band maxima that the environment of the 
VO- entity conditions a marked ellect upon the sti etching frequency, and hence 
upon the force const.int and strength of the V — O bond This is not unexpected and, 
in fact, McGlynn and co-workers'’' have shown that the infra-red bands due to the 
dioxouianiLim (VI) symmetric and antisymmetric stretching vibrations may be used 
as a probe to establish a ligand sei les exhibiting a striking parallelism with the spectio- 
chemical senes 

The persistence of the oxovanadium (IV) species in a number of compounds makes 
possible the utili/ation of the properties of the oxycation species in a study of the 
bonding stiuclure of complexes of this </’ electron system Ideally, one might expect 
not only to be able to study the symmetiy types available to this transition metal ion, 
but also to learn moie about the nature of the bonding to various ligated species as 
they perturb the VO^ entity Thus the stretching frequency of the metal-oxygen bond 
should serve as a sensitive probe from which certain stiuctural and bonding features 
may be deduced Kui therm ore, the oxymetal species will show electronic localized 
charge-transfer absorption bands (eg, arising from electron transfer from orbitals 
located primarily on the oxygen to orbitals primarily located on the metal) in addition 
to those normally observed with d" ions These additional bands may be expected to 
be independent upon the other ligands and the strength and symmetry of the ligand 
field 

In this paper we shall be concerned only with the interpretation of the infra-red 
spectra of vanadyl compounds A subsequent paper'"’' will deal in detail with the 
electronic spectra The electronic energy levels in the vanadyl entity and in its com- 
plexes have been deduced from a combined crystal-field and molecular orbital 
approach and it is determined (see Appendix) that there is no basic disagreement with 
the molecular orbital scheme of BALLHAUsrN and Gray "" 

0*1 B Anoerson, /icla C/icw Scancl 10, 623(1956) 

03) M M JoNrs / Amer Chem Soc 76,5995(1954) 

011(7 G Barraolough, J Lewis and R S Nvholm, y Chem Soc 3552 (1959) 

C Cabannes-Ott, C R Acad Set , Pans 242, 2825 (1956) 
oo S P McGlynn, J Silbin, T R Ortoland, G Maus, and W Jordan, in preparation h ‘ 
publication. 
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Tt appears that the vanadium tn the vanadyl may be either five- or six-co- 
oidiiiated and it is not always certain which obtains m a given compound 

However, chemical analysis coupled with molecular weight and/or conductance data 
will generally sulhee to settle this point 

In sum, we have examined the tnl'ra-red spectra of Ihirly-mne vanadyl complexes, 
Ihiity of which aic new compounds whose prepaiation and propeities aie reported 
elsewhere Stietchingfrequencics of the peiturbcd VO“ species have been assigned, 
ceitain ligand senes established and discussed 

EXPI RIMENFAL 

1 he new compounds studied in this mvesligalion ucrc picp.ircd and ch.iractcrocd according to 
proceduics prev loiisly outlined ' Know n ciinipounds wcic prepared according to procedures lound 
111 the lileralurc Starting matciials included leagent grade Suiiadyl sulphate \anadyl chloride, 
ammonium melavanadatc and \anadium (V) oxide All other ehcmicals used were ol reagent grade 
e|ualily oi bcltei 

Inirai ed spectra m the range 5000 -650 cm ' weic ohtaine'd with ,i Pci kin-Elmcr Model 21 and a 
Beckman lR-7 recording speelreipholomctcr both empleiying NaC 1 optics Pi'lystvrcnc film was used 
to calibiate the instruments Spectra weic run with the samples m Nii|ol mulls since these gave better 
spee'lia thin the alkali halide pellet teehnie|ue Interaelion ol some of the compounds with the alkali 
halide under the conditions necessary for pellet picparalion ssas csident Spectra ol all ligands and/ 
or complexes ol other transition mtial ions with the ligands wcic obtained and using these, there was 
usually no difficulty in assigning the band(s) of the pel Imbed VO-' stretching \ibralion In those 
eases m which the ligands have bands m the region ol the mtlal-oxygcn stretch comparisons were 
made with the speclr<i ol analogous eompleves of othei divalent meial ions ol the first transition 
Sel les 

Infrared spectra of many of the vanadyl complexes studied in this work were run in solution in a 
coneuirent investigation to be reported cisevvheie In all ol those eases where solubility was 
ellcelcd in <in inert solvent the value for the V- O slreleh varied no more that - 5 cm ’ Irom the 
v.ilue found with the solid complex 

RESULTS AND DISCUSSION 

Table 1 lists the frequencies assigned to the vanadium- oxygen multiple bond 
stretching vibration for lifly-one oxovanadium (IV) and three oxovanadium (V) 
compounds In those cases wheie more than one band was observed in the metal- 
oxygen multiple bond stretch region the strongest is listed hrst The values enclosed 
hy parentheses were taken trom the litcratuie cited 

The force constants, k, have been related to the frequency using a simple harmonic 
expression, and are found to vary from 7 68 for VOCl, to 6 23 foi [VOfDMSO)^] 
(CI 04 )^in mdync/A The listing m Table I may then be approximately summarized 
by the single values A — 7 0 _L 0 7 and f - 985 1_ 50 cm it behoves the authors 
to illustrate then that the spread of the effect bemg obscived is larger than that which 
could arise from (a) lattice forces or (b) simple mechanical coupling to the metal-hgand 
vibrations 

(a) Certamly, some of the shift observed to occur m the V— O stretch frequency 
can undoubtedly be caused by the operation of lattice forces which aie expected to 
vary from one solid compound to the next However, the magnitude of the ciystalline- 
cnvironment effect is considered to be small Specifically, some of the compounds 

R T Claunch, T W Martin and M M JoNis.y Amct Clur’ Soc 83.1071(1%!) 

J SfcLHiN and L H Hoi Mrs, Jr, 7 Iiioi" Niicl Chem 24, 1 1 1 1 (1'I62) 

"" J SuBiN, H R Manninc. and G CissAC presented at the 17ih Southwest Regional ACS 

Meeting, Dallas, Texas, December 1962,7 Inort; \ucl Client In Press 
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TaBIF I — VaNAUIUM-^JXVC.FN SIKFTCHINC. FRrQlJFTXCIES, OXOVANADIUM (iv) AND (v) COMPOUNDS 



Compound* 

V — O stretch, cm 

] 

VOCl , 

(1035)'-^> 

2 

VOBrj 

(1025)'='' 

3 


1020(1020)'”’ 

4 

[VO(^-OrHj-IPP)] 

(lOlS)""” 

5 

VOSOi 5H,0 

100.1, 1017, 975 
(1020, 1003, 987)'”’ 
(1008)“, (980)'-'" 

6 

[VO(phlhal)l 

1003 

7 

[VO(^-CI-TPP)] 

(1002)'“' 

S 

[VO( I PP)i 

(1001)'“' 

9 

[VOfp-C H,-TPP)I 

(1001)'--'' 

10 

[VOdlcnAicl.] 

(1001)'“' 

11 

[VO(l)llM),l 

(1000)'“’ 

12 

[VO(s.tl).l 

(998)"" 

13 

(rt,N).[VO(NCS)J 

997, 919?n 

14 

[VOlac.ic),] 

996 

(995)'-’‘'’, (lOOS)'", 
(995)'=', (1000)'-” 

15. 

VOBr , H,0 

996 

16. 

[VO(F.Uopor)I 

(995)'-" 

17 

V0(C10,K \H,0 

995 

18. 

(NH,).(v6ySO.).. 

991 hr 

19 

VOCl, \H.O 

990 

20 

[VO(ophcn) (ox)] 

989, 959//I 

21 

(Me,N),[VO(NCS) 5 ] 

987, 979 

22 

[VOlophcnlsKClO,), 

987 

23 

VOP, 01,0 

984 

24 

(Me,N).[VOCI.(btOn)] 

982. 969, 958s/( 

25 

Ki[VO(N(’S),l 

982, 969s/i 

26 

IVO(ophcn),Cl]CI 

982, 960s/(, 908iv 

27 

[VO(oplicn),Bi)Bi H,0 

98/, 984\/i, 908 IP 

28 

[VO(cn-bis-s.\l)J 

990, (980)'-“’, (990)'*' 

29 

[VO(o\ine),] 

979 

30 

[VOIdipylSO,! 

979 

31 

[VO(dipy) (ox)I 

979 

32 

[VO(dipy).l(C’IOi), 

979, 923,« 

33 

[VO(ophen)SO,] 

978 

34 

VO(dipy), ^(NCS), 

977 967 

35 

(NM4),V0(m.il),4H,0 

(977, 967)'”’ 

36 

(Nll,).VO(ox), 2H,0 

(976)'”’ 

37 

VO(ophcn), ,(NCS), 

972, 963?/i 

38 

VO(ox) H ,ox 3H,0 

972, 988 1/( 

39 

Na,VO(edta) 5H,0 

(970)'-'’ 

40 

[VO(ophcn)F,] 

968, 964, 92Snt 

41. 

[VO(dipy)F,] 

968, 957, 949 s/i 

932w’ 

42 

VO(OH), 

968, 962 
(955)'”' 

43 

[VO(dipy),CI]Cl 

965, 973\/i 

44 

[VO(dcac),py] 

(964)""’’ 

45 

VOCophenJjSO, 

960, 923 s/i 

911, 900 
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Table I (cont ) 




Compound 

X — O streleh, cm 

1 

46 


[VO(dipy).Br]Br N,0 

95S, 972 s/i 


47 


(Et,N)3lVO(CN)J 

956, 965 sh 


48 


(V0(DMS0)3S04l 

954, 964s/i 


49 


Cs3[VO(CN)J 

95 J , 968 v/i 


50 


(Me,N)3[VO(CN),] 

952 


51 


[VOlDMSOiJBr^ 

950br, i/i 


52 


[VO(DMSO)3CKi 

946. 962 s/i, 936s/i 


53 


(NHd3lVOFJ 

947, 937 


54 


[V0(DMS0)3)(CI03). 

9J2. 9S5, 962 s/; 


* Abbreviations 

TPP tctraphenylpoiphinc. 

plith.'i phihalocyanine , 

Benzac = 

benzoylaectonatc 

ion , 

DBM diben/oylmtlhanalc 

ion, sal - salieylaldehydc. 

Ft elhyl. 

ncac dcelylacetonatc ion, Euopor - ctioporphynn 

1, ophen - orthophenanthrohne, ox = 

ox.rlateion, Me = 

= methyl, en-bis-sal ^ tihylenediaminc-bib-salicylaldehyde, oxine 

oxinatc ion. 

mal malonatc, 

edta 

ethylencdiamincleiraacciate 

ion, DMSO - dimethylsulphoxidc, s/i 

shoulder, m medium, 

H weak, h) broad 




All bands not otherwise marked are stiong or very strong in their respective spectrum The values 
listed for compounds 4, 7, 8 9, 28 and 39 were taken from the literature cited, although the authors 
did not assign the values to the V — O stretch 


listed in Table I are soluble in inert solvents and the V- O stretch found for the 
solubih/ed complex varied no more than J:5cm ’ from the value found with the solid 
complex 

(b) It IS probably quite correct to assume that coupling of the V — O stretch with 
vanadium-ligand modes is insignificant for ligand masses which exceed, individually, 40 
a ni u This assertion becomes tolerable even for ligands of low mass if the vanadium-- 
iigand vibrational modes are of low frequency, as they are generally believed to be 
Nonetheless, this effect could become significant in certain cases, and cannot be 
dismissed too lightly Our experience, here as elsewhere, suggests to us that such 
coupling IS relatively unimportant, and this assumption is inherent in our future 
discussion 

The effect of individual ligand to metal bonds on the V— O stretching mode is 
considered below It is presumed that the appendix will be consulted for further 
detail 

<y-Bonding The vanadium- oxygen bond m vanadyl compounds is a multiple 
covalent bond consisting of pn >-dn donation of electrons by the oxygen to the 
v.inadium superimposed upon the (T-bond (see appendix) The amount (or degree) 
of pTT^dTT donation depends both upon the tendency of oxygen to donate and 

H J EiCHHOFFandF Wfiofl.Z Aiiorg Chem 275,267(1954). F A MiLLtRandF R Cor sins, 

J Chem Phy<! 26, 329 (1957) 

A Millfr and W K Baer Spcinochim 17, 1 12 (1961 ) 

K Ceno and A E Martell, J Phvs Chem 60, 934 ( 1 9-''6) 

K Nakamoto, Y Morimoto and A F Martfei.J Amei Chem Soc 83, 4533 (1961) 

" K F Lawson, Speciiachitn Acta 17, 248 (1961) 

' ' I G Eroman, V G Ramsev, N W Kalenoa and W F Hanson I Amcr Chem Soc 78, 5844 

(1956) 

'K Geno and A F Martfll, T P/iv' Chem 60,1270(1956) 

■ 'D T Sawyer and J M McKinnie, / Anier Chem Soc 82,4191 (I960) 
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vanadium to accept electrons The donating tendency of the oxygen, whieh may be 
associated with the high electron density in the filled valence level of the small oxygen 
atom,'“‘^* should be veiy little atlected by the picsencc of co-ordinated ligands 
However, the electron-accepting capacity of the vanadium (IV), which has four 
empty (/-orbitals and one half-filled (/-orbital, should be maikcdly alTected by co- 
ordinated ligands Thus, co-oidination to ligands which owe their ligational strength 
piimarily to their (T-clection pan (Lewis Base) donating ability, will incicase the 
election density in the metal atom (/-oibitals and elTeet a icduction in the amount ol 
donation fiom the multiply bonded oxygen This loweiing of the V- C) 
bond ordei should be rellccted in a loweiing ol the vanadium-oxygen slictching 
frequency The gieater the donation ol ligand electrons to the vanadium, the gicatci 
will be the decieasc expected in the V O stietchmg frequency Both the and e- 
orbilals (see appendix) aic stabilized m a fashion which increases with increasing n- 
donoi capacity ol the ligand and which indicates a small shift of charge towai d the 
vanadium atom Howevei, the /i,(T) ->■ is the most impoitant contribution 

fiom a vibiational sense, since, despite no signiiicant effect on the YO bond stienglh 
pci \c, it does lead to a considerable pihng-iip of charge in a /),-oibital of the metal 
which was previously unoccupied, and thus by secondary electrostatic repulsion to a 
destabilization of the V--() bond It is undoubtedly this very effect which is mani- 
fested in the decie,isc of the vanadyl stretch upon going from V(V) compounds such 
as VOGT, to V(IV) compounds such as [VO(phthal)] where a net ehange of 32 cm ' 
occurs In actuality VOCI, should be compared with a compound K^VOCI, oi 
K 1 VOCI 5 m which a net decrease of some 70 or 80 cm ' might be expected Similarly 
a decrease'’’’ of some 90 cm ' is observed upon going from TiO(acac), to VO(acac)j. 
there is some uncertainty associated with the TiOfacac)^ frequency because of possible 
polymerization of titaiiyl systems Despite this it seems icasonable to assume that the 
population of the rr-group orbital of the species which occurs on going from 

V(V) to V(1V) oxycation species, or from TiO-' to VO^' is the primary leason for the 
decrease of the M — O stretching frequency It has now been suggested that population 
of the component of the original 7r-orbital occurs in complexes, and to an extent 
roughly proportional to the cr-donor capacity of the ligand It seems reasonable 
therefore that the decrease of V — O stretching frequency which occurs in vanadyl 
complexes is a rough measure of this donor capacity 

TT ^ -bonding Considerations here are exactly the same as those for cr-bondmg 
except that all overlaps are less by a factor of ~ 8 , and the importance of tt ^(/ > M) 

donation is accordingly minimized No M >■ L contribution is significant even in 
unsaturated ligands 

TT rbonding There is a contribution of charge from the ligand to the original h 
AO This effect may be expected to amount to some \ of the (T-effect since the 
ib.^(L)bz(y) dr overlap (see appendix) is of the order of J-J of the corresponding /’ 
overlap, and as such is of importance 

In sum it is concluded that the frequency changes are directly related to decrease 
pTT — d-TT donation from oxygen to metal and to increased electrostatic repulsion i 
the vanadium and oxygen species and that this effect may be written 
Av — — a(L M) — 7r||(L — >■ A/) — v ^ A/) 

R J Gillespif, J Amcr Chern Soc 82, 5978 (1960) 
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It IS impossible to estiiritite accurately the relative importance of changes in the 
bonding between the vanadium and oxygen since the energy calculations yield only 
the one-electron energies of the total complex, and not of one bond region It is esti- 
mated that the terms in the above equation are of relative importance 8 2 1, and that 
the M f L donation is entirely negiectable m complexes ot d' vanadium (IV) It is 
further difficult to estimate the effects of the fifth ligand, and the only simple conclusion 
IS that no direct electiostatic effect is expected (see appendix) 

We now proceed to discuss the results obtained on the basis ot the attitudes 
presented in the foregoing At least eleven diOerent compound types are discernible 
among the vanadyl complexes listed in Table 1 They are. with the number of 
representatives of each type [VOaj], 10 (only 5 diHerent a's), [VOtAAI^a] 7, 
[VO(AAAA)], 6, [VO(AA)J, 4, [VO(AA)(BB)], 4, IVO(AB),], 3. [VO(AA)aJ, 2, 
[VO(ABBA)], [VO(AA)a,], [VOa,b] and [VOa^b^], I each In addition there are 
four compounds of the type VOX^ \H,0 Among the hist type we observe the 
following order of ligands coriespondmg to decreasing frequency H/) NCS 
CN^ DMSO F This order should theiefoie coi respond to increasing electron 
donation ability from left to light The unexpected extreme position of fluoride may 
be explained by its strong tendency to delocalize its/j-electrons away from its compact 
filled valence level It has only recently been proposed'-'*' that multiple bonding by 
fluoride (and oxide) should be expected when it is bonded to an atom or grouping 
which can readily accept 77 -bondmg electrons The strong lepulsions between the non- 
bondmg electron pairs located on the small lluoime atoms will cause them to be 
partially delocalized into empty oibitals of a bonded atom In this way the high 
electron density on the relatively small atom can be relieved It is interesting to note 
that the fluoro complexes of VO- have been found'-®' to be much more stable m 
aqueous solution than the chloio complexes Furtnermore, the fluoro complexes of 
VO'^' aie much stronger than those of the similarly sized Cu-' Zn- and Ni-' ions 
all of which have heavily populated d-orbitals The position of dimethylsulphoxide is 
surprising but perhaps not veiy much so in view of the large number of very stable 
complexes it can form with a great many transition and nontransition metals The 
intermediate position of cyanide compared with its extreme position in the spectro- 
chcmical senes is peihaps to be tiaced to the fact that a large portion of its hgational 
strength dciives fiom its capacity to accept Tr-bondmg elections originating on the 
metal 10 ns As alicady stated, the vanadyl ion would be expected to be a vciy poor 
donor metal ion as compared with later tiansition metal ions having more populated 
f/-lcvcls Finally, the oxygen of the neutral water molecule docs not sufler from the 
high charge density of, foi example, that of the oxide ion with the possible exception 
of NCS , it IS surely the pooicst Lewis base ol the senes Both of these factors must 
contribute to its extieme position 

Turningmovv to the second type c>f complex [V'()(A A),a]. we arnve at the senes 
ophen mal ~ ox dipy The relative positions of the two nitrogen bases are 
reversed from those found in the spectiochemical scries However the spectrochemical 
‘'Cries has found to hold gcneially loi the latci tiansition elements which can partake 
'■"’S Ahri AND and B Norcn Ada Chcni Stand 12, 15^5(19581 

'""J StiBiN and L H Holmis Jr. J Inaii; Null Clwm t6. 219 (1961) t A. Cotion and 

R Francis, J Amei Clwm Soi 82. 2986 (1960) F A Coiion, R Francis and W D 

Horrocks, y Phvi Cliem 64,1534 (1960) 
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in back-donation 7r-bonding and in this respect it is not unusual that the more highly 
conjugated ophen is a “stiongci'’ ligand than dipy However, with vanadyl, where 
back donation is unimpoitant, it might be expected that the more flexible (spatially) 
molecule, would form the stronger bonds It should be pointed out that the same 
relative positions of these two ligands is observed for the [VOCAA),] compounds, 
where the order is DBM - acac ophen dipy Again, with the [VO(AA)(BB)] 
compounds we hnd ophen dipy Finally, the same inversion of the normal order 
IS found"’ m IJOr complexes of ophen and dipy 

Thai the sliucturally similar and iigidly planai four-nitrogen quadndentatc bases 
( rPP, Its paia-substilLitcd derivatives and plithalocyamne) all give vanadyl complexes 
with similar V - O ficquencies is expected, as are the rather Ingh values for these 
frequencies ( 1001 1015 cm ') Furthermore, fiom an electrostatic viewpoint it is not 
unexpected that the two-oxygen bidcntate ligands with a formal minus one charge 
(bcn/ac, DBM sal, and acac) should lead to higher frequencies (996-1001 cm ") than 
those with a formal minus two charge (mal, ox, 976-977) 

In conclusion, we might point out that while the V --0 stretch frequencies for a 
laigc numbei of complexes have been repoited heic, the wide variety of complex and 
symmetry types reduces markedly the number of complexes that can be subjected to 
meaningful compaiison We shall have to wait for the results of studies now m 
progress to draw more meaningful and extensive conclusions concerningthe bonding 
role of vaiious ligands in oxycation species 

tiAauM /ci/!,'/iitvas- - 1 he aulliors wish to thank the National Science Foundation (Grant No NSI - 
15242) and The Research Corporation lor financi.il support 

APPbNDIX 

It Will be assumed that all vanadyl complexes arc of C 4 , symmetry This is un- 
doubtedly an incoricct assumption foi some, if not all, of the complexes of Table 1 , 
however, the use of this approximation should not affect m any way the rather 
geneial conclusions of this section 

The vibrational liequencies tabulated m Table I arc presumed to correspond to 
V — O stretching vibrations Since the primary eflort is to understand the manner in 
which various ligands influence this fiequcncy, and conversely, to make use of the 
frequency variation to determine certain characteristics of the ligands, it would seem 
that a theoretical appioach similai to the rather thorough one of Ballhausfn and 
Gray*”’ would lequire consideiablc effort but would probably be infertile One must 
rather consider the vanadyl complex in a stepped fashion 

(1) The electronic structure of the V — entity must first be elaborated, 

(2) the equatorial ligands must next be coupled to the V— species, and the 
manner in which such ligands influence the strength of the polar V — O bond 
delineated, and finally 

(3) where appropriate the fifth (polar) ligand must be introduced, and the 
modifications consequent to such introduction prescribed 

This procedure is similar to that previously used in a discussion of uranyl complexes 
The orbitals used were the 2p AO’s of the vanadyl oxygen, the 3c/, 4s, and 4f AO’s 
of the vanadium atom and the and tth GO’s of the nearest neighbour equatorial 
ligand atoms These latter group orbitals are easily visualized by reference to Fig F 



122 


D R CiiRT iind C ^ MrioAN 


nccJigihle The loruc sheiiHlIi vv.ts maintained at a constant vahic 10 10 •* over all 

ol ihc pH lanpc b> addition ol sodiiini pcicliloiatc to the acjticous phase 

flic cDeci of ionic sliciieth in the acpicoiis phase on the solubility of watei in 
chloioloini was deemed neyheible thiou^h e\peiiments analogous to the pH effect 
cspcrinicnts Solulions of known ionic stiength weie piepaieil by dissolving solid 
sodiuin pcichloiaie in dc-iomzed watei table 5 sliows the results ol these 
expel imciits 

It was appaiLiit fioni this data that below an ionic stiength ofO 010, thcie was no 
cllc'et on the solubihlv ol \satci inchloioOnm At values of ionic strength gicatei than 
0 010 the cllcct vsas small below an ionic strength ol I 000 

ll \sas sigmlicant that the ionic stiength was always somewhat less than 0 010 for 
the bis(S-c|umolmol) <.iio\our.iniuni( VI ) cxtiaeiions and vaiied by no more than a 
Lieloi ol ten 

I Mti i 4 I i M ( I Ol pj I ON 

Sf H I lUl I I 'I ol W \ II U IN (III OK( H OKM 


W.Uel eilssi'Uetl ['el 
pi I 2s (X) lilt ol cliloioloi 111 " 


I I (I 

9 (I 
8 0 
7 0 
s 0 

10 


11 92 
14 to 
11 18 

12 92 
II 84 
.12 1 1 


' I leb s.iliic IS the avciage ol tour 
till itioiis 

Toil I s _ fim I or ionk sihinc.iii on 
sol lull IIS Oh WAIIR IN (IIIOKOFOKM 


Ionic Me ol watci dissoKcii pci 

sticiiglh 25 00 nil ol elilorolonn''' 


0 001 
0 005 
0 010 
0 050 

0 1(X) 

1 (KK) 
5 000 


HI 61 
11 (X) 
10 67 
29 62 
29 80 
28 42 
25 40 


* Tach \aluc is ihe avciage ol fcnii titiatioiis 
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where the axes adopted are also specified, ihe equatorial group orbitals and their 
energies are given in Table 2 Only the np-AO’s of the fifth (possible) ligand are 
considered, where n is the highest energy paitially filled or hlled orbital of the nearest 
neighbour atom of the fifth polar ligand 

The one-electron levels of a VO-' entity are shown on the left of Fig 2 This 
level diagram is principally qualitative and represents the solution of various secular 
equations the integrals in which were estimated by methods set out by FhLi iiwi''*’ 


z 

t 


0 


tt; 


A3 


A. 




q; I err 

V . 

. A, 

1 \ 


T,; 


t 10 1 -the 2 -axis, as also the arrows representing the wj. AO s are perpendicular to 
the plane ot the paper The A’s represent the nearest neighbour atom ol the ligand L 

Point group IS C ^ 


and by McGlynn and Smith In such a species the grounil slate configuration 
(C,-v point group) would be wfi')' “A, and the two lowest energy mira-d- 

shell transitions would be “A ^ and -A >■ at 1 5 and 2 3 eV respectively, and 
of which only the former is weakly allowed In so far as such a consideration is 
pcitinent, the crystal field splitting is given by A {or 10 Dq) ~ 2 3 eV, and there is a 
considerable component of rr-bonding in the net-bonding of the and O- species 
This latter conclusion, originally shown to be valid for UO,” 10 ns has since been 
tuilher validated by more sophisticated calculation'*'* in the case of VO^ 


Tabie2- Eqomoriai (.Roue orbiiais ssmmi iiors and inircjII'. 


General oihital 

0 * TT 1 i 

''lO 

Fnergv i; 

1/2(0' 1 0' 1 0" ! 0*) 

(/i <6 

hi 

7 2,7, 

-i-(0' - 0q, _L(0^ _0q 
\ 2 \ 2 

<■ 3 

3 

X 

1/2(0' - 0' 1 0'’ 0-‘) 

/», h, 

ti_ 

^ 2,f, 

• 0‘ 0- 
10’ W 1 ‘ 

J 0‘ ( 1)"’ rr/ 

^ (1 IS the resonance integral aniJ is negative, for / the substitution 
where appropriate, the relative order of integrals is , |( 1 „| l/'V | Idn- 

tT TT 

1 

and TT IS to be 


S P McGlvnn and J K Smith, / Mol Spcci 6, 164 (1‘>61'I 



J Si 1 BIN L H Hoi MIS, Ir and S P McGlynn 


nfi« 



Picj 1 '\ncni.rgy level duigi<im olaVO- ' species (left), a VOL" ' species (ccntic) and a 
ligand arrangement (light) L signilics a general ligand, and n may be positive or 
negative This diagram is c)l asemi-qualitatise naluce, and corresponds closely to that of 
Bmi HMjsiN and Gras'"' The energy ol the ligand orbitals is n.ituially vaiiablc and 
dependent on 1., the VOLi levels are also variable but to a lesser extent Only a siilli- 
eient number ot correlation lines aie shown to identify the principal interactions 

discussed in the text 


The equatorial ligand levels arc shown schematically on the right of Fig 2, and 
the composite orbitals are shown in the centre of the same figure It is not intended 
to go into the details of this calculation, iior to elaborate all the spectral consequences 
of this particular ordering of energy levels since this will be the object of a further 
paper*^'’’ on the electronic spectra of the vanadyl complexes considered in the present 
work However, it is well to point out the following 

(a) The level is split into two components, and in C 4 \ The level 

remains unchanged (increase of 0 1 eV) energetically since it interacts only with the 
A , 2 ligand group orbital of tt type, and the overlap is small However, the orbital 
overlaps strongly with one of the o-group orbitals of the ligands, and very weakly with 
one of the tt -group orbitals As a result the hi MO is increased in energy by an 
amount 1 3 1 8 eV dependent on the nature of the ligand In other words we 

conclude that the relative positions of the and e MO’s are determined by the ligands 
and that the exact order is capable of inversion This is a result which must be borne 
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in mind when interpreting electronic spectra, and which may be considered an adjunct 
to the conclusions of Bali hausln and Gray **** 

(b) The ground state of the vanadyl complex is given by and there 

aie now three intra-J-shell transitions possible > “£ and -5^ 

The energies of the first two transitions may invert in complexes in which the ligands 
are strong o-donor species, while the third transition may overlap significantly with 
the >-^//i( 45') transition, and may veiy well be completely occluded by charge- 
tiansfcr bands 

(c) Insertion of the fifth (polar) ligand would not be expected to have serious 
consecjuenccs for Fig 2 It may lead to slight destabilization or stabilization of the 
oiiginal V O bond depending on whcthci it is more or less electronegative than 
oxygen It will gencially tend to laise the encigy of the c MO relative to the />, MO. 
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ELECTRON POLARIZATION AND DIAMAGNETIC 

SUSCEPTIBILITY 

S K K Jaikar, V S Jatkar and A J MuKurnKAR 
Department of Chemistry, University of Poona Porrna 7, India 

{Received 13 Noiemhct 19<i2, r/r reined /onu 22 April 1963) 

Abstract — A semi-cmpineal relation between cicctrrin polarization Pj. and diamagnetic susccptibilii) 
/\, IS derived 


where / IS the effective radius of the atom and ?„ is the charactei istie wavelength The calculated 
values ot / are of the order of the atomic radii It is concluded that the dispersion electrons have 
major contiibutions to tot.il diamagnetic susceptibility 

A NiJMitLR of papers have been published on the empirical sUidy of diamagnetism 
Most ot them are based on the application of the empirical Pascal's constants for 
atomic diamagnetism and struclural diamagnetism*" Recently Popit*-* devised an 
independent election molecular orbital theory for diamagnetism, the theory provides 
a convenient basts for detailed interpretation of the Pascal’s constants Van Vllc k*'*’ 
derived a quantum mechanical equation of diamagnetism in terms ot wave-functions 
tor the molecule is the absence of a magnetic field, the calculations were well involved 
and were in good agreement lor simple molecules hbe hydrogen and helium Bhat- 
naCjAR and covvorkers*^* empirically derived the relation between diamagnetic suscepti- 
bility and the square of the radius of the molecule calculated according to the Bragg's 
method of closest packing of atoms and found to be satisfactory for elci-tronic isomers 
However it approximately holds good only for oiganic compounds, while it does not 
hold for isoelectronic inorganic compounds,**’* even containing the same numbei of 
atoms Maisunaua and cow orkers**’* formulated an empirical lelationship between 
diamagnetic susceptibility and the radius of the ;7-oibital lor a number of polynuclear 
aromatic compounds The coi relation between electric polarizability and magnetic 
>iisceptibility derived, by Vinti*'* holds good appioximatcly lor helium and argon 
1 lectron polarization and diamagnetic susceptibility arc related to each other through 
screening constant Pauunc.*”* calculated the screening constants by taking into 
consideration the major penetration effects, the theoietical and experimental values 

BuainaCiAR S S and K N Mwnuv., Fhwual PmuipUn and ippliKinatn of Mapiu rocitemnn 
p 130 Macmillan, London (1935) 

"'f A Poi>Lr,y {hem Ptov 37, 53 (1%2) 

J H Van VciOR, Rev 29. 34^1(1927), 3l, 587li92H) 

'"S S Bhatnaoar and K N Maihur. /’/»/ Man 5, 536(1928) 6, 217(1928) J Indian Chem 

^oc. 6, 303 (1929 ) 

L N Mulay, Prar Indian 4cad Set ( 1951) 34 A, 245 (1951 ) 

Y Matsunaoa and H Akamaisii, Ball Chem Sat Japan. 26, 364 (1953) 

'"J P ViNTi, P/iyr Jiev 42 . 813 (1932) 

’ f Pauling, Pror Roy Soc A1I4, 181 (1927) 
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of dianiagiiLtic susceptibility lor helium and neon were comparable The direct 
calculations of^/- using Thomas-bcrmi charge distribution do not give promising 
results as the electrons lor other orbilals, to which Thomas-Fermi approximation 
docs not Jiold make majoi contributions to susceptibility 

in the present communication a simple scmi-empincal correlation is obtained 
between the electron polarization and diamagnetic susceptibility According to 
Vam Vt I c k' 


7m 


which can be simplified to 


7 m 


r — . 2 ' ■ 

bnii “ , 


Ne- 

(m)Ii' 


f r-’ 


( 1 ) 

( 2 ) 


whcie / IS the cITective number of elections contributing to diamagnetic susceptibility 
moving in orbits of ladius / The scmi-empincal dispersion equation is given bv'*' 


A'c- h 

37T/II I’,,'* l'“ 


(3) 


■where / 
and (3) 


IS the number of the so called dispersion electrons 


Pv. 


2F 


. . 


7t/ 


1') 


From Equattons (2) 


(4) 


If we assume that 7^- is linearly related to 


— a linear relationship between 


electron polarization and diamagnetic susceptibility is expected Figures I and 
2 show the validity of the assumption for rare gases, alkali metal ions, alkaline 
earth ions, halogen ions and simple lonie crystals A closely homologous senes 
of tons and salts of these ions with the same anion lie on the same straight line It is 
interesting to note that the plot corresponding to anions has less slope while the plots 
for cations arc with higher slopes as compared to rare-gas plot The points corie- 
spondmg to ions deviate from the mean straight line while the points corresponding 
to salts are well on the mean straight line These deviations arc probably due to the 
polarization effects which distort the relationship between the component group 
property and the total molecular property from linearity 


'“'J C Slater, /’/ mi Rev 32, 149 (1928) 

W Kauzmann, Quantum Chemistry Academic Press, New York (1957) 

Data for Fig 1 and Fig 2 arc taken frtim 

a C Ff D Cl ARK, 77ic /7rte 5/iwr/«ier>/ A/wr/er Part II p 298, Chapman and Hall, London ( I93S ' 

b K iKENMi-YFR, /4«/i Phys 1169(1929) 

c O Foex, G I Gorter and L J Smits, Constuntes Selectionnees Diamagnetisme el Poi“ 
magnetisme. Relaxation Paramagnetu/ue, Gnion Internationale dc chimie. Pans 
a j R Partij^CjTO\, /iclmncecITtearise on Physical Chemistry, Wo\ 4, Longmans, London ( 19“' ' ' 
b V S Jatker, S K K Jatker and A J Mukhedkar, Z physik Chem 36, 221 (1963) 
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Tabic 1 summarizes the values of the cITectivc number of dispeision electrons 
determined from refractive dispersion data and the calculated values of the radius of 
the orbital ol the electron conti ibuting to diamagnetic susceptibility on the assumption 

J r (5) 

It IS interesting to note that the caieulated values of the radii are of the same older 
as the atomic radii calculated from atom refuctions and van der Waals radti One 



Iaiuf 1 




bltcclive number ot dispcision 

He 

Nc 

Ar 

Kr 

electrons / * 

1 02 

2 31 

4 61 

4 93 

Characlciistic wa\clcnt;lli 

(A) 

513 9 

489 0 

707 7 

842 5 

Van del Waals tadii"''’ 

0 93 

1 12 

1 54 

1 69 

Atomic radii calculated fiom 

alum iciraclion 

0 80 

0 99 

I 60 

1 84 

Atomic ladn (picsent work) 

0 81 

1 01 

1 2 

1 64 


* C iilcLilalcd from ihc i<.fiacUvs, dispersion d.ila taken Iroin Inici nunonal C nlnci/ /ahles 
of NdiiKiical Data. Nalional Kcscarch Council McGraw-I till, 1 ondon (1930) 


can theicfore conclude that the so called dispersion electrons play an important role 
in diamagnetic susceptibility This obseivation leads to a linear lelation between t 
and -?„< h) a lust appioxirnation (rcfci Fqualion 4) A similar linear relation was 
observed'**’ between the chromophoric length and absoiption maxima which are 
related to for complex oiganic molecules 

Ackiumledi^cmciu —Out thanks aie due to the ( ouncil ol Scicnnhc and Indusinal Research (India) 
tor the award ol a Junior Rescaich tcltowship to one ol us (V' S J ) 

L I’aui INC. Naliiic of C hiniual Honil, Y' 514 Ctsrncll University Press ( 1960) 
r A Brai'di , f /it'/«on v o/^C ai/w/i ( owpowirA, Ldiled by h It Rood, Vol lA, p 71 hlsevicr, 
Amsterdam ( 1951 ) 
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STABILITY OF IRON (111) CHELATE OF CRESOTIC 
ACIDS A SPECTROPHOTO METRIC STUDY 
OF IRON (III) m-CRESOTlC ACID CHELATE 

S S Katiyar and V B S Chalhan 

Department of Chemistry, Indian Institute of Technology. Kanpur (India) 

(Received 15 October 1962, in ret ised foi i)i 22 March 1963) 

Abstract Iron (III) forms a reddish chelate with ni-tresotic acid (RH), which exhibits maximum 
absorption at 530 m/i The chelate was found to be stable in the pH range 1 5 4 5 The composition 
of the iron (III) m-crcsotic acid chelate corresponded to I 1 when investigated by the slope ratio, 
mole ratio and continuous variation methods The stability constant of the complex at pH 1 93, 
2 90 and 3 92 was 5 00, 4 67 and 3 68 lespcclivcly 

Crlsotic acids (o-/M and p) are known to form complexes with a number of cations 
Recently they have been used as compkxometnc indicators in the litnmetnc deter- 
mination of iron'*’®’ against EDTA The end point is indicated by the change, to 
light yellow, of the violet colour of the iron (111) m-cresotate complex in acidic 
solution 1 he nature, composition and stability of the iron (Hi) m-cresotate complex 
form the subject matter of this communication 

EXPFRlMbNTAL 

Malenati 

m-cresoiic acid B D H (L R ) sample was purified""' b', several crysu.iliiiaiions from ethanol 
The final pioduct used for prcpaiing solutions of the sodium salt had a mp 179 C (literature 
value 178 C)"" 

Fen ic ammomum sulphate The standard solution of E Merck (G R ) gi ade reagent was prepared 
as described by Vogel It was standardized by the thioglycollalc method 

Sodium acetate and hydrochloi ic acid These chemicals needed 1 or the preparation of buflers were 
of AnalaR quality from E Merck 1 he stock solutions of the butTcrs were kept in polythene bottles 

Apparatus 

Absorption nieasiii emeiits The optical measurements were made with a Beckman DU spectro- 
photometer using 10 mm coicx cells The temperatuie in the cell compartment was maintained at 

"’A K Bhattac HARYA and G b Rao , / Set Iiidusli Ris (India) 18 6,351(1959) 

S P Aoarwal, R C Aoarwal and T N SrivastaVA, Z Anaht Chcni 171,91 (1959) 

"’Sc Tripatiii and S Prakash, / Indian Chem Soi 35, 139 (1958) 

M S Kachuwaha and A K Bmati aciiarya, 7 hid Chem Soc 39, 397 (1962) 

"" V V SuBANNA and A K Bmah Ahiarva, Aiiaht Chini Arts 23, 145 (I960) 

S C Tripatui and S Prakash, Z Plivs (hem 208,181(1958) 

L SoMMiR, Z Analyt Chem 171,420(1960) 

C S Pandl and T S Srivasiava, Z Analrt Chem 175,29 (1960) 

S S Katiyar and V B S Chauhan Unpublished data Apiil 1962 
’"’I Heilbron and H M Bunbury (Editors), ' £>r//<j;w/ v o/ Oi^!,wi/< C o/ii/wkw/j,” p 336 Eyre 
and Spottiswoode, London (1946) 

C D Hodgman, R C Wfast and S M Su by, ffaiid Book i / Clicmisti v and Fh\ sics, 935 
The Chemical Rubber Publishing Co , Cleveland, Ohio (i960) 

"■■'A 1 Woe, VL, A Textbook of Qiiantitaln'C Inorganic Aiiahsis, p 647 Longmans Green, London 

(1960) 
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the desired value (11 1 ( ) with the help of a dual Ihtrmospater set, this last was conneeted to an 
externally maintained Iloplci's ultrathei mostat 

pH >iwu\iinnu’iU\ The pH <>l the solufions was measured with the help of a Cambridge bench 
pattern pH metci operated by a 12 V battery 

RhSUI.TS AND DISCUSSION 

Naliin' of the (ODiplex 1 he me'lhod suggested by Vosburuii and CooppR,*'-** was 
employed Various mixtuics eontainmg 16 10 “* M iron and varying amounts of 

/R-cicsolatc in llic langc 16 48 10 ^ M, were piepaied and their spectrum 



Fig I -Absorption speetia ol solutions containing non (111) and w-cresotie aeid 
[Fctlll) aeid loi curve I I I, curve 2 I 2, Curve 1 I 1] 

lecordcd The results obtained are lepresentcd graphically in hig 1 Here curves 
1, 2, 3 refer to the speetra of solutions eontainmg Fc (III) and reagent in the ratio 
I 1,1 2, 1 3 at pH 2 88 Since the absorption by iron (111) and m-cresotie 

aeid IS /CIO in the visible range of the speetium, it may be assumed that the 
observed is due to the presenee of the complex It can be seen from this figure that 
the maximum absoiption oceurs at the same wavelength i e 530 m// for all mixtures, 
which indicates the formation of only one complex species 

Influcmc of pH on the stability oj eoniplex Fig 2 lepresents the typical data 
obtained on the vaiiation of absorbance with pH The optical density of solutions 
containing constant ejuantity of iron (III) (I 6 X 10 * M) and sodium oi-cresotatc 
(4 8 10 '*) in presence of different buffers m the range 1 04-5 24 were recorded at 

530 m/^ Fig 2 shows that the optimum pH range for the formation of the complex 
IS between 2 00^ 00 

Beer's law The applicability of Beer’s law to the reddish violet complex was 
examined Fig 3 records the typical data obtained for the variation of optical 
density with concentration of the complex The concentration of complex was taken 
equal to the concentration of the iron (JJI) in the presence of excess /n-cresotic acid 
The value of e at pH 2 90 corresponded to I 61 X IfF litre mole ^ cm ^ 

(ui yV VosBURGH and G R Coopir,/ Aitier Cheni Soc 63,437 (1941) 
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the systems NaCI CrCl, AND KCl CrCI. 

C M Cook Jr 

Pigments Department, I I clu Pont dc Nemours & Co Ine 
Wilmington, Delaware 

( Rcren c(l iO Maicli 1962 iii ici neJ foiin 2^ Jiinc 1962) 

Ahstraet —Phase diagrams of the NaC I- C rC I, and KCl CrC'l, systems show the eongriiently melting 
compounds Na,CiC'l,, KiC'rC I,, and K,rr.Cli Room temperature X-iay patterns of KjCr^CC 
show this eompound to he isomorphous with the previously known CsjCr^CI, 

CiiuoMii-M(IIl) coinpounels tenel streangly towards sis-fold co-oidination because of 
the 12 D„ crystal field stabilization cncrgy|' ace^iiired when Cr'^ is sin rounded by an 
octaliedial configuration of anions There is evidence that octahedral eo-ordination 
of C ijlll) occurs in both eiyslallinc and lK|uid C'rCl.-allsali ehloride niistures Thus 
the sii LiclLiie of CsjCijC f,,,, is that of 2 Ci(lll)'s surrounded octahedrally by Cl's with 
the oetahedia shaiing a common face I he absorpiton spcelrttm ol dilute solutions 
ol CtCI, 111 molten LiCI KCl exhibits maxima consistent with the presenec of oeta- 
hcdially co-oidinated Ci(lll) A recent study ol the cflects of temperature on this 
spLclium'*’ shows the oelahedial eo-oidmation to peisist to at least 1000 C. m 
conliast to the more weakly siabih/ed VCI,'"’ anti liClj"’ solutums wliere tlie spectra 
indicate tiansformation fiom octahedral to teiiahedial co-ordmation as the melt 
tcmpeiature increases above 600 800 C 

Tlic liejuid -solid phase diagrams of the CiCI, NaCI and KCl systems were deter- 
mined 111 a seateh tor six-co-oidmated compounds suggested bv the above evidence 

1 XPI RlMbN CAL 

N.iCl and KCl wcic Itiscd under IlC I and wcie crushed and stored in a dry atmosphere \nh\- 
dieuis ( iCI I was prepared by ehloi iiiatmn o( C r (99 8 pci cent purity) at 9(X) This CrC I, obtained 
as a tuilky sublimale, was Ireed eif li.ice oxvehloride by COC Ij Irealment was deiisiticd by sintering at 
900 C under Cl_ and was loaded into the sample bulb After addition of alkali chloride the mixture 
\\as melted under C l> cooled under argon and (he bulb es.ieuatcd and sealed 

Mivlurc compositions weic ealeulaled from the initial weights ol Ci and alk di chloride and were 
sonliimcd by analyses ol the samples atlei use Por 0 X( ,( 0 2 the uneertamty in X( ,i is 

0 OOS lor Xi |( I, 0 4 the uneeilainty is ,_0 02 

Heating and cooling euivcs ot the samples weic determined in a rocking furnace by a ititTereniial 
icinpeialLire measurement proeeduic CiClj-neh melts exhibited etnisideiahle supei-eoolmg bcloie 
v 'yst illi/,iiioii aeeoidingly the Iransilion temperatures were wheTe possible located fresm healing 
eiiives I lejuidus temperature re|iioducibililv vvas within ' 1 except for X( ,( 04 

After the cesoling euivc dctci mmalion, samples n| CrCI, MC I mixtures weic ground in adrv-box 
sc'aled into 0 5 mm Lmde’mann glass capillaries, and exposed to vanadium tillered chromium ladialion 
in .111 X-ray powder eameia The d-spaeiiigs were read with a Mies scale and line mtensiucs were 
estimated visually 

* E’resent address Operations hvaluation Group OUiec ol the Chicl ot N ival Operations 
N.ivy Deft , Washington, O C 

D S MeCiLiRi,'" lepoits foi CD' suiiounded oelahedially by Cl the D, IDOcm ' Thus 
the CTSh 45 keal/mole 

" D S MeCiuiir, Sohil Sidle Ph\s 9,426 (1959) 

'G J WrssrL and D J W Ijno, /li n/ f / 1 ir 10, 466(1957) 

"Cl )lARRiN(,inN and B R Sundhum Ann N T ianl St/,79,11 950(1960) \lso B R Si mi- 
iittM Private eommunieatioii (1962) 

"D M Gruln Unpublished woi k ( 1 961 ) 

'DM CiRLitN and R L McBiiii, y Clnin Pins 66,57(1962) 
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Composition of the chelate The stoichiometry of the components involved in the 
formation of the chelate was ascei tamed by the following methods 

The continiiotis’ laiiation method^'*’ This method w'as applied using equimolar 
solutions The concentrations of iron (III) and sodium /n-crcsotate were varied in the 
range 0 8 10 M to 7 2 10^^ M and 7 2 ' 10“^ M to 0 8 < 10 ‘‘respectively. 



[Fe“J . [L] 


Fic, 4 — Delerminalion of composition of the complex by Job's method 
of conlmuous variation (A 530 mft) 

keeping the total concentration of iron (III) and ligand constant for all readings 
The pH of all the solutions w'as maintained at 2 88 and the optical density measuie- 
ments were made at 2 — 530 m/u Typical observations are plotted in Fig 4 ft is 
seen that the maxima in this figure occur at 0 5 mole fraction of iron (III) which shows 
that composition of the chelate is I I 

The slope ratio method This elegant method introduced by Harvey aiul 
Manning^®' gives conclusive information regarding the composition of the complex 
from the slopes of the plots obtained by varying the concentration of one component 
when the other is in excess and vice versa The concentration of the constant com- 
ponent was kept 8 >' lO '* M while that of the other was varied in the range 0 8 
M to 4 8 ^ 10 M The bulk concentration of cresotic acid could not excccc 
8 y 10 ■‘M due to appearance of turbidity The absorbance measurements 4' 

<1*1 P Job, Ann Chtm 9, 113 (1928), 16, 97 (1936) 

A E Harvey and D L Manning,/ Amer Chem Soc 72,4488(1950) 
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A - 530 m/^ and pH 2 88, arc recorded in Fig 5 Curve 1 refers to the condition 
when m-cresotic acid was kept constant while for 2 the variable component was 
/ri-cresotic acid The ratio of the slopes of the plots 2 to I works out to be I 15 
which approximates to unity, thus indicating the formation of 1 1 complex 



l-K. 5 Dclsrniin.ition ol toinposilii'n I'l the LoniplLS 
by slope ratio nie’lhod at S lOni" (luive lor plot 2 shilled 
iipssards by 1 em on the s'lehnalcl lower eiiise 1 
upper eiii re, 2 

rhe mole latio method The applicability of this metliod pioposcd by Yot and 
to the iron (III) /i;-ercsolate chelate is shown in Fig 6 Ciinc 1 of this 
hgure was obtained when the conceiitiation of non (III) was kept constant and the 
n on (III) to reagent ratio was varied between 1 005to 1 8. the pH being maintained 

•It 2 88 However, due to the ionization ol the complex in dilute solutions a sharp 
bleak IS not obtained But when the absorbance measurements ol the same solutions 
were made in the piescnce of 5 ml of 1 0 M KCI a bieak was obseived, as seen in 
curve 2 It is interesting to obseivc that the break occurs at a lalio of 1 mole of 
the leagent to 1 mole of non (III), suggesting iheieby the formation of a 1 1 

complex 

Stability toii'itaitt of the chelate and its lanatton nitli pH The computation of the 
classical formation constant (A) ol the iron (III) /»-crcsotate chelate at different pH 
^cas done from the Job curves obtained at pH 1 93 2 90 and 3 92 reported in Fig 7, 
rising the extinction coefficient measured foi the compLv above and taking the 
'onization constant of the acid as 6 84 x 10 ■* at 25’C 

’J H Yoe and A L Jonfs huUistr tnjti Client , Anal) t Eil 16, III (1946) 
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The last column of Table 1 gives the values of the thermodynamic stability 
constant (A) computed v\ith the aid of the Debyc-Huckel equation'^'' 

2A7 ,Z,,v /I 


log A log A 


V 


( 6 ) 


Tabif 1 


Thermodynamic 
slabilily 
constant 
log A 


1 U 3 0 2 3 5 00 

2 90 0 21 4 67 

3 92 0 20 3 6X 


0 6 


0 5 


0 A 

c 

<v 

0 3 

D 

ij 

Q. 

o 

0 2 


0 I 


0 

Fk, 6 Composition of the complex by moJc ratio method ? - 530 m/i 



601 
S 65 
4 64 


pit 


Ionic 

sticnglh 


C lassical 

slability 

conslanl 


The value of A/'“ at 35 5'C foi the /«-cresotic acid iron (III) chelate works out to be 
— 7 98 kcals 

The chelatometiic properties of «7-crcsotic and salicylic acid are due to tln 
prescnce of a hydroxyl and carboxylic group in y position to each other By analog'" 
with the salicylate complex"^' the structure of the iron (111) complex of w-crcsolie 
acid may be represented as 

/Te 

However, a comparison of the stability constants of the ni-cresotate and salic) I " 
complexes which are respectively 4 67 and 17 4 (log k), reveals a considerable lowu ' g 



S GcASsrONi, A Textbook of Physical Chenu\lry p 970 Macmillan, London (1956) 
"“'A K Zavadskaya Lab 13,645 (1947) 
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1 Hr 7 Job s continuous v.iiiation uir\es at dillercnt pH [Curve 1 pH 1 'J3, 
c'ui\c2pH 3 92 and curve 3 pH 2 90] 

in log A' value by the introduction of the CHj group A similai lowering in sta- 
bility constant ol the non (1(1) salicylate comples was observed by [-'oLt\ and 
Anii[ usoN.'*''* when an SOjI l gioup was introduced in the benaeiie ring of the 
salicylic acid This is evident fiom the stability constant of the iron (III) 5-sulpho- 
''ahcylic acid complex, which is 3 68 Similaily ihe stability constant of ti e complex 
loimation between iron (111) and o-eiesotic acid'-*" is lower 

^tkiwwlcdi’cmcnts -The authors wish lo espress their gialitude to Piof P Is KtiisVR. Dtreclor, 
Indian tnsiitulc of Technology, Kanpur tor his kind mlircsl in the work and lo Director, National 
'sugar Insiitulc for the permission to use the speed opholomctci I hey would like to also thank 
r3r A B SrN for cncouragcmcnl 

R T Fcilfy and R C Andirson, y Anun Cluni Soi 70,1195 (1948) 

S S Katiyar and V B S Chauhan, Z Anon; (.him 32.3, 28 (196 3) 
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INFRA-RED SPECTRUM AND STRUCTURE 
OF DI-CYCLOPENTADIENYL Dl-IRON 
TETRACARBONYL 

K Noetic 

Cydnamid buropcan Research Institute, Cologny /Geneva 
{Rict iKcl 2 Apul 1%3) 

Abstract— A re-invcsligation ot the iiifra-reJ spectrum of [CJb,be(CO);]j in the carbonyl region in 
ditfcri nt solvents has shown that the compound is very unstable in chlorinated solvents In chloro- 
form solution the three bands at 2001, 1958 and 1769 cm > disappear and three new bands at 2058, 
2011 and 1721 cm ' appear All these new bands coincide with reported Raman bands Since the 
infra-red spectrum shows no temperature dependence between -. 30' and 110 C isomeric forms 
can be excluded A structure in keeping with these results is proposed 

Thtre is sonic confusion in the liteiatiiie about the interpretation of the infra-red 
and Raman spectra of di-cyclopcntadicnyl di-iron tctracarbonyl (1) The reported 
spectra in difTcrent solvents vary markedly and the Raman spectrum shows one 
coincidence with the infra-red bands in the carbonyl stretching region The compound 
IS ccntrosymmetncal*-' in the solid form and has been shown to possess a dipole 
moment in solution 

We have reinvestigated the infra-red spectrum in different sohents and at diflerent 
temperatures, as well as in KBr with the aim of hnciing new widence to explain 
these discrepancies 

bXPERIMI-NTAL 

The di-cyclopentadicnyl di-iron tctracarbonyl was prepared according to 1-Iai i am 1 1 a! 

Infra-red spectra were measured on a Perkin l lmcr Mod 221 inira-red spectiophotometei 
equipped with NaCl prism-graling exchange unit and a linear absorbance potentiometer The spectral 
slit width in the investigated region was about 1 5 cm ‘ (sht programme 880) The spectrometer 
was calibrated with carbon monoxide and water vapour The frequencies aie accurate to -*0 5 enr* 

The cells for the solution spectra were 0 1 and 0 01 cm thick respectively The cool-cell for the 
low temperature measurement will be described elsewhere ' ' 

RESULTS 

Figure 1 shows the spectrum of di-cyclopentadicnyl di-iion tetuicai bonyl (I) in 
heptane and Fig 2 several spectra in chlorofoim solution In heptane solution the 
compound is relatively stable, only the weak band 201. S cm ^ increased its intensity 
with time, and is therefore due to a decomposition pioduct From i ig 2 it follows 
clearly that the sample is reacting with or decomposed by the chlorofoi m The strong 
bands, at 2003, 1958 and 1772 cm ', slKiwn also in the spectrum in heptane solution, 
disappear and three new bands at 2056, 2014 and 1715 cm ' appear with time 

F A CorroN, H Siammruch and G Wilkinson J Inon,' ( licin Ai/il 9, 3 (1959) 

O S Mills, alr/a O 13/ 11, 620 (1958) 

'”F Wtiss, W HuBELandR MiRiNM.G/icm lin 95. 1155 (1962) 

B F Hallam, O S Mills,? L Paoson, / ///<»/,?' Am/ Cht'" 1, 313 (1955) 

’K 't^OACK, Speciro(/iini ,4c/o (In press) 
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With cl silicon filter between the sample and the light source of the spectrometer, 
this decomposition is very much slower From the Fig 2 it can be seen that by irradia- 
tion with a mercury lamp the two new bands at 2056 and 2014 cm"^ also disappear, 
whereas the one at 1715 cm^^ is not affected These bands belong, therefore, to 
dillercnt compounds Similar results obtained in other solvents are listed in Table 1 
In all the solvents diflercnt bands appear with time, but they are not exactly at the 
same fiequcncics and the reaction products arc certainly dilTercnt Only the reaction 
with chloroloim has been studied in detail 

1 \R1 L 1 CmUIONVI BAM)S OF 1C,H„1 ctCObJj IN DIFURtNl SOLMNIS 
(The hands appealing \Mth liinc are in bold face) 


SoKcnl 


Hcplanv 


C liloioloim 

2056 


2055 

Pyiidinc 

2068 

t tharuiJ 

2036 



htcqiicncy [cm 


2005 

1961 

2014 

21X13 

19SK 

2011 

2004 

1958 

2038 

1988 

1948 

1 995 

1982 sh 

1956 



1794,5 



1772 

1715 

1811 

1782 


1933 

1774 

1722 

1810 

1785 

1755 sh 


A chloiotorm solution was iiiadiatcd with a tungsten lamp until the oiiginal 
bands had disappeared and then evaporated to dryness A led ciyslallme icsidue 
with an infra-red spectrum identical with the one reported by Pipfr d a! for cyclo- 
pentadienyl iron di-caibonyl chloiidc"’* was obtained 

To check for a possible equilibrium of isomeric foims of different geometry, as 
discussed by CoiroN et a! infra-red spectra in pentane and CS> solutions wcic 
run at several temperatures from room temperature down to —1 10 C No change 
in the relative intensities could be detected in eithei solvent The explanation of the 
behaviour of the compound on the basis of an equilibrium of dilferent geometrical 
isomers is therefore, luled out 

The infra-red spectrum was repeated in KBr and it was observed that one can, 
by careful and long enough (15 min) grinding, obtain a clear disk with a spectrum 
similar to the solution spectra After several minutes, the disk becomes suddenly 
opaque and a new spectrum results identical to the one reported by Cotton et cil 
By regnnding and repicssing the same disk this cycle can be repeated Fig 3 shows 
both spectra, together with a spectrum in Nujol which has the same bands as the 
opaque KBr disk The two kinds of KBr disks give, with the exception of the carbonvl 
bands, identical spectra from 4000 to 650 cm' ’ 

DISCUSSION 

With the data available at the time. Cotton et could not lationalise tin 
Raman and infra-red spectra with the physical properties off The Raman spectrum 
normally of great help in the elucidation of structures of highly symmetrical molecule 
consisted of five bands, of which only one coincided with an infra-red band 

A comparison with Table 1 suggests immediately that the Raman bands at 206' 
2019 and 1721 cm“^ are due to a reaction product with the solvent 

(6> T S Piper, F A Cotton and G Wilkinson, / Inorg Nucl Cheni 1, 165 (1955) 

F A Cotton, A D Liehr and G Wilkinson, / Inorg Nucl Chem 1, 175 (1955) 
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The only Raman band certainly due to undecomposed I is the one at 1958 cm'i, 
coinciding with the strongest infra-red band 

In higher concentrations in heptane scvcial very weak (r 150) bands and shoulders 
appear in the infra-ied spectrum (see Fig I) Three of them, by their frequencies 
and intensities arc the -isotopic bands of the three strong peaks (1973, 1924 and 

I Aiii I 2 -Raman spcciium i>l [t,H TctCOtdj (after 
rsleicncc (I) The most certain bands are underlined) 

(In CHCl,, pyrtdinc and alcohol ) 

2064 (18) 201*1(2) 1*158(6) 1717(3) 1721 (5) 


1762 cm M and two \ciy weak satellites cannot be simply explained Because o( 
then low intensity they are piobably not due to a fundamental vibration 

riiesc obsci vations make the assignment of the spectra somewhat easici The 
mfra-ied spectium of 1 shows in solution three strong carbonyl bands, two (or the 
tciminal and one for the bi idgmg caibonyls At Ic.ist one of these is clearly coincident 
w'lth a Raman line and there aic no positive Raman lines which are not coincident 
with the mfia-ied bands A centiosymmetiical slruclurc for the molecule m solution 
can, theiefore, be luled out 

This IS also in agieement with the dipole moment of 3 10 Debye As shown in 
I'lg 3, I dispeiscd in KBi gives two diHerent spectra, one similar to the solvent, 
the other identical with the Nu|ol-mull spectium The Nujol-mull and the one KBr 
spectium are chai acteristic tor the solid, foi which a centrosymmcti ical stiuctuie 
has been established by X-ray analysis As has been discussed by ConON et al 
this spectrum is comp<itible with the centrosym metrical structure, because the 
molecules occupy two dittcrcnt sites in the crystal In solution, the molecules have 
lost then ccntic of symmetry and are distoited The most piobable structure is one 
with C, symmcliy 




The bands at 2003 and 1958 cm^^ belong to the two non equivalent terminal 
carbonyls, and the band at 1786 cm ‘ to the two identical bridging carbonyls From 
the selection rules one would expect also two bridging carbonyl bands, but they could 
coincide if the coupling between the two groups is small, or the symmetrical motion 
could lead to a band too weak to be detected The integrated intensity of this one 
band can well account for two bridging carbonyls 

Acknowledgements — I have to thank Dr E A C LucKtN, Dr E Weiss and Dr H D MuROocn 
for many stimulating discussions 

K Noack, 7/e/; Chim /Irtfl 45, 1847 (1962) 
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THE INFRA-RED SPECTRA OF METAL(1I)-HYDRAZINE 

COMPLEXES 

L Sac CONI and A Sabatim 

Islitulo di Chimica Cicrierale e Inorganica della Hniversita di riren/e, 

Via Jaenpn Naidi 19. I iren/t. Italy 

( /ieccived 2S /< hi mil ] 1961, in ni ncil /oiiii \ A/op 1963) 

M>stract -The infia-icd spectra ot some hvdiazi ie 'nelal <.o'iip!e\es of the general formula M(N d I d- 
Clj have hccii nicasiiied in the 2 35/i legiun A eompaiison of the speetia of CdtN.Hd.CI, and 
CdlNjOd^CI. enables the assignment ol the observed ibsorplion bands The sequence of some ot the 
molecular modes ot vibiatwn (siieh as the NfK twisting locking, toision and liic N IN and M — N 
stretching Irequeneics) agiees closely wnh the natuial older ot the stability of bivalent eompUxes 

Many stable complexes of metal salts with one, two or three hydra/ine molecLtles are 
known, but then structure so fai reccuctl very little altenlton The only available 
complete ciystal structure is that ol bi krari el al on the Zn(N,H 4 )>CL compound 
This structure is chaiacterized by inhnite chains of — MlN^Hp^M- groups 
Such a stiuctuie ree]uires liydiazme molecules to act as non-chelatmg ligands as 
previously suggested by Sc iiw ar7I nbac ti cTct/'-' 

On the other hand, it is only lecently the stiuctuie ofgaseous hvdiazme itself has 
been claril'ied Thcoietical calculations by Pt-NSLV and Soihlri have shown 

that hydra/me should exist in the i^aiulie form with the two K<0 groups at 90’ to 
each othci 'this has been conitimed by YAMAOutm cl who have studied the 
lar infid-red spectrum of hydra/ino 

X-iays studies on solid hydra/mc seem to favor the existence of the eclipsed c n and 
i'auilic forms 

In the present paper we have examined the infia-rcd absoiption spectra of a 
senes of hydrazine metal complexes with the general formula M(NH_,-NH 4 )>C 1 , 
(M Mn. Fc, Co. Ni, Cvi, Zn and Cd) in the 2-35 u legion The atm of this work was 
to study 

(1) the configuration of the hydrazine molecule m these complexes and 

(2) the influence of the different metal tons on the spectia of the complexes 
This class of compounds seemed vciy suitable foi such an mvestig ition because the 
Hebyegrams icvealed that they are isoinoiphous so that the lattice elTccts shesiild be 
analogous throughout the senes 

rXPl RIMI NTAL 

Pfcfiaialton oj compounch Divalent manganese coh.ill, non, nickel, /me ,ind e.ulmium complexes 
were prepared according to the literature The copper complex prepared hv the method described 

‘"A Ferrari, A Braibanti and G BK,ii\Kni At/a Ow/ 16.498(1961) 

G Schwarzenbacu and A Zobrisi, Helv Chun 4r/« 35. 1291 (19.S2) 

W G Penney and G B M Sutherland, Z Chem Plus 2, 492(1914) 

A YamaCiUchi, T ICHISHIMA, T Shimanouchi and S Mizushima,/ Chcm Phw 31, 841(19S9) 

R L Collin and W N Lipscomb, drM O m/ 4, I0(19SI) 

"" H Franzfn and O von Mayer, Z Anore Chun 60,247 (1908) 
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by Hoifmann and MakburCj'’’ is not pure enough Better results arc obtained by adding hydrazine 
to anhydrous euptic ehlonde giound under chloroform in a mortar The resulting blue compound 
IS then fdleicd in a dry atmosphcic and desiccated under vacuum at 50“ Ana! Mn(N 2 H,)^Cl 2 
N<’„ta!c 20 ‘54.M''Jound 29 48, I c(N . N^ealt 29 36, 19°,, found 29 21 , ColN.^HJ^CIj 

N'\,calc 28 90,N''„found2S95, NKN.HjliCI. N"'La!c 28 93, N"„ found 29 38, CuCN^HJ^Clj 
N'’'„ealc 2H22,N"Jound28 25, Zn(N 2 Hi).Cl 2 N:’oCalc 28 00, N^; found 27 75, 

N"„eale 22 69, N"„ lound 22 76 

Pupal ulioii o] the Cd-il( iilci o-rninpoiiml Approximately 1 g of hydia/ine hydrochloride was 
plated in a glass tube containing 5 ml of 99 8","', D^O .ind Ihc stoppered tube was allowed to stand 
overnight at room tcmpeiature Its contents weie then frozen by suriounding the tube with a dry-ice- 
aeetone bath The tube was then attached to a vacuum pump, the system evacuated and the water 
removed from the sample by condensing it in an adj.iecnt tube surrounded by a dry-ice acetone 
bath A second 3 ml portion of D^O was then added to Ihc sidid hydrochloride and the entire pro- 
cedure repeated Alter four such exchanges the hnal solid product is believed to be primarily the 
desiicd dciiteiated hydrochloiide This was then ground with about 0 5 g of CdO and the mixture 
put into a small flask kept at 95 ' for about 24 hours To the hnal product 5 ml of D.O were added 
and the whole filtered and washed with 5 ml of m small portion In the final product a small 
quantity ol unicaeted CdO was still picscnl 

Ahwption mu'iiiieiw/ih The infra-red spectra were obtained using a Perkin-Llmcr, Model 21 
infra-ied spectrophotometer, equipped with NaCI and C sBr prisms, and a I’erkin-Llrner Model 12 C 
single beam spectiophotometci htted with a LiF prism The samples were examined as suspension 
in Nujol and, tor the 1200-1500 cm ' and I iF region, as suspensions in hcxaehlorobutadienc 


TAnLE 1 — Friquincils (rM“*) and assignmfnts for metai hydra/inf complfxls 



MnCh 

FeCU 

C 0 CI 2 

NiCI. 

CuCIi 

ZnClj 

CdClj 

CdCU 


Assignment 

2 NdI, 

2 N,H 4 

2N4H, 

2N4H4 

2N4H4 

2N4H, 

2 N,H 4 

2NjDa 

viih’i 

INH, stretching 

3298 J 

3291 r 

3288 V 

3288 a 

3258 4 

3262 4 

3294 4 

2467 s 

1 34 

NHj stretching 

3237 1 

3232 III 

3225 m 

3230 m 

3190 in 

3214 m 

3235 111 

2380 in 

1 36 

NH^ stretching 

3151 tv 

3146 H' 

31341V 

3146 IV 

3146 IV 

3134 w 

3151 w 

2323 M- 

1213 viv 

1 35 

NHj bending 

1606 s 

1607 4 

1605 4 

1608 4 

1608 4 

1611 4 

1609 4 

1183 4 

1 36 

NHi bending 

1575 i 

1575 s 

1568 w 

1568 ni 

1567 w 

1575 4 

1583 4 

1165 in 

1 36 

NHj wagging 

1348 w 

1351 IV 

1347 1V 

13421V 

1338 inv 

1349 IV 

1352 vv 

1050 w 

1 29 

NHj wagging 

1299 w 

] 307 w 

1 308 IV 

J3I3 w 

1322 iv 

1312 iv 

1297 w 

1013m 

1 28 



1179 ih 

1190w 

1201 ni 

1227 >v 

11904* 




NHi twisting 

11564 

1164 4 

1172 4 

1172 4 

11984 

11754 

1150 4 

851 I 

1 35 



1156 ih 

1 152 sh 





977 vw 


N— N stretching 

960 in 

964 m 

974 IV 

978 ni 

985 H’ 

976 m 

963 m 

951 m 

1 01 









925 H- 










887 t»v 










820 m 


NHj as rocking 

590 m 

607 m 

625 m 

649 m 

682 nt 

625 III 

593 m 

451 m 

1 31 

NHj sym rocking 

5184 

553 4 

582 s 

613 4 

658 4 

580 4 

5174 

400 4 

I 29 

M — N stretching 

343 m 

369 tn 

388 m 

409 m 

440 Bi 

385 m 

338 m 

306 m 



345 w 


K A Hoffmann and F C Marburg, Ann 305, 214 (1899) 
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The infra-red speetra ol iTietal(ll)- hydrazine complexes 

RtSULTS AND DISCUSSION 

Vibrational assignment The proposed assignment of the observed infra-red 
frequencies for the metal hydrazine complexes is given in Table 1 

Three bands arc observed m the 3 /t region, obviously due to NH_, stretching 
vibrations These bands occur at a frequency of about 50-100 cm ^ lower than the 
corresponding ones of gaseous hydra/inc The obsersed fiequency dcciease is of 
the same order of magnitude as that found m the case of the ainmme-complexes 
This weakening ol the N -H bonds can easily be explained as resulting 
from the electron drainage from the nitrogen atom, due to its coordination to 
the metal 

The bands observed at about 1600 cm ' can be assigned with confidence to the 
NH> bending vibrations 

for the assignment of the Nth wagging and twisting vibrations, which are 
expected in the region between 1350 9(KI cm ' it is ccs.wenient to first discuss the 
spectrum of the cadmium complex for which the deuterated analogue is available and 
then to extend the assignment thus gamed to the other complexes 



Flo i Infia-icJ ^^lLcl^a ufCdCI,2N.H,( -) and ol CdCI, 2N,Dj ( 1 


hour bands are obseivcd in this region at 1352, 1296, 1150 and 963 cm ' By 
dculeralion the first three aie consideiably shifted lowaids low fiequencics, while the 
fourth remains practically at the same frequency (Fig I) This fact undoubtedly 
places the N N stretching vibration at 963 cm * The choice between the remaining 
thiee bands is rathei a puz/le In aliphatic amines'*"-'*' the wagging vibrations 
occur at about 900 cm * as extremely intense bands Turtheimore this tvpe of 
vibration is strongly anharmomc so that they aie shifted by isotopic substitution 
w ith a ratio of about I 26-1 28 For the metal-complexes wheie the lone pan electrons 
ol the nitrogen atom arc engaged m the bond with the metal atom, one max expect 
the wagging vibration to be shifted towards higher frequencies On the othei hand 
the NHo twisting vibrations are known to bcgoncially weak m the inlra-rcd spectrum 
and to accur at a much higher frequency than the wagging modes 

It IS clear from Table I that none of the three previously mentioned bands fulfills 
the expectation completely For instance, if we choose the two weak bands at 13''2 

'"'P A GicjULRb and I D Liu,/ Chem Pbw 20. I36(19S2) 

'“'3 Chatt, L a Dunc ANSON and L M VtNANZi, / C hem Soc 4461 (1955) 

'""A P Gray and R C Loro, / Chem Phys 26, 690(I9S7) 

""A SABATiNiandS CAUfAfio, Specnochim /Irfa 16, 677 (I960) 
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and 1297 cm ' as wagging vibrations, it is hard to explain the 1150 cm ‘ band as a 
twisting one because of its intensity On the other hand, if we assume the 1150 cm ^ 
band to be a wagging vibration, then it is dilRcult to attribute to twisting vibiations 
the observed isotopic shift of 1 28 and 1 29 However, the first choice is preferred 
because the aigument of the isotopic shift is considered to be more impoitant than the 
one of band intensity Iheieforc the strong band that occurs between 1150 and 1200 
cm ' ill the spectra ol the complexes studied is assigned to a twisting vibration and the 
two weak bands at about 1350 and 1300 cm ' to the wagging modes 

Only in the spectra of the Cd(ll) and Mn(ll) complexes do the bands at about 
1 1 50 cm ' appeal as a single peak In all othei cases the band has one or even two 
shouldeis piobably due to impurities boi instance, a shoulder appears in the 
spectrum of Zn(NjH 4 )jCh piccipitatcd from ammoniacal solution but it is absent 
when the compound is obtained from anhydrous alcoholic solution of ZnCL and 
hydia/me 

In the region between 500 and 7(K) cm ' all the compounds examined show two 
absorption bands The observed isotopic shift in the case of the cadmium complex 
clearly indicates that they are due to NH^ motions The one at higher frequency has 
been assigned to the asymmetric rocking of the NHo groups and the other at lower 
frequency to the symmetric NH^ locking vibration 

The following considerations suppoit this assignment In free hydra/inc the NH^ 
torsion has been obseived*^’ at 376 7 cm ' In hydrazine complexes, however, this 
vibration goes in an asymmetric rocking mode and therefore its frequency should 
met case Actually, we would expect the frequency to be higher than that of the 
symmetiic rocking mode because of the presence of a potential barrier hindering the 
rotation of the NIH groups around the N — N bond 

On the basis of the conclusion reached by Barrow'’^' and Mizushima”"^* for the 
metal ammonia complexes, the bands m the 300-500 cm * region have been assigned 
to the M- N stretching vibration Again this assignment is supported by a compari- 
son of the spectrum of the Cd(Il) complex with that of the deuterated analogue 
since the observed shift ratio is not gieater than 1 10 as we would expect for such a 
vibration 

The crystal structure of the Zn complex*'* shows that the hydrazine molecule is 
very likely in the “staggered” form with symmetry For such a configuration four 
NH 2 stretching and two NHg twisting modes should be infrared active In the IR 
spectrum therefore one NHg stretching and one NH 2 twisting absorption bands arc 
missing A satisfactory explanation for this cannot be suggested 

Effect of cation on the vibrational frequencies Table 1 shows that many observed 
frequencies as the NH^ twisting, sym rocking and as rocking as well as the N — N and 
M — N stretching ones vary according to the well known “Irving Williams” order of 
stability of the bivalent metal complexes *'*’ Mn < Fe < Co < Ni < Cu '> Zn Cd 
The effect is particularly regular for the above mentioned vibrations, but a 
general trend can always be observed Table I also shows that the two NH^ stretching 

”■*> G M Barrow, R H Kruecir and F Basolo, / htorg Nud Chem 2, 340 (1956) 

(18) £ p BrRTiN, I Nakagawa, S Mizushima, J J Lane and J V Quac.liano,^ Amer Chem Soc 
80 , 525 (1958) 

S Mizushima, I Nakagawa and J V Quagliano, / Chem Phys 23, 1367 (1955) 

H Irving and R P Williams, A'a/iirr, Lo/ii/ 162, 746(1948), J Chem Soc 3192 (1953) 
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bands at higher frequency, with the exception of the nickel complexes, decrease in a 
regular w'ay as the stability of the complexes increases 

Probably second order effect, like hydrogen bonds, solid state effects and mechani- 
cal coupling of vibrations are responsible for the irregular trend observed for one 
wagging vibration as well as for the third NH, stretching and for the bending 
vibrations 

Ackno\\leil};emeiUs — Thanks are expressed lo ihc Consiglio Na/ionale delle Richcrchc” and lo the 
C N f: N tor financial support 
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THE SYNTHESIS OF l,l-DICHLORO-3,3,5,5- 
TETRAPHENYLCYCLOTRIPHOSPHONITRILE 
FROM A LINEAR PHOSPHONITRILE 

C D S( HMLLiiACH and C Dfroekian 

Depdilmcnt of Chcmisliy, The Pennsylvania State University. Pennyslvania 
(Rcceircd ipiil 196?) 

\l)stract The value ol a gcncial method for synthesizing cyclic phosphonilrilc polymers from linear 
polymers is illustrated by the synthesis ol l,l-diLhloro-3,?,5,5-tclraphcii)ltriphosphonitnle from 
(CoH-djPoNjHiCl and phosphorus pcntachloridc 

1 nr existence of linear phosphonilrilc polymers is reasonably established The use 
of stable luwcn phosphomtrilcs tn the syntheses of cyclic polymer phosphonitiiles 
has been given no attention The value of such an approach is illustrated in the case of 
the preparation of l,l-dichloro-3,3,5,5-tctiaphenyltiiphosphonitiilc (1) The prepara- 
tion of this compound in 16 per cent yield by the method ol Fricdel-Ciaft has been 
icported This method involves long reaction times, requires meticulous care in 
isolation pioccduies and results in a rather modest yield Compound (1), in p 
I4I-I42 5‘'C, has been piepared in this laboiatory in 88 pet cent yield by cychzation 
of the linear polymer (C„H;;)jlTN,HCh’ " according to the equation 

-(CeH5),P -N-P(C,H,),1 Cl ; PCI-, (C6H,),C1>P,N3 r 4HC1 

NH. NHj J (I) 

The synthesis of l,l-dichloro-3,3,5,5-tctiaphenyllnphosphonitrile is of particular 
signihcance m that it illustrates the value of a general method for preparing cyclic 
compounds which can be synthesized only with difficulty by othei methods A 
corollary to such a method of synthesis is that it allows consiiuction of isomers of 
specific stereochemistry m carefully cont Killed stcpwisc-fashion Compound (1) is of 
particular interest for kinetic studios in that it contains a single phosphorus atom at 
which nucleophilic substitution can occur 

Compound (I), which is readily recrystalhzcd from acetonitrile, foi ms a 1 1 adduct 

With acetonitrile The adduct loses 1 mole of acetonitrile at approximately 80"C and 
then melts sharply at 141-142 5 C The infiared spectrum of compound (I) shows the 
chaiactenstic'sharp P-N vibration bands at 1208 cm ’ and 1162 cm ^ and bands at 
1430 cm' ’ and 995 cm ' which aie assigned to P-phcnyl bonds 

" C D ScHMULBACii, Pinnies') in Inorpaiin Oirwoo r (Eibicd by 1 A ConoN) Xol 4, p 275 
Interscience, New York, (1962) 

'R A Shaw and F B G Weus. r/icw & Imlnsii (London) lit (I960) 

“1 I BtZMAN and J H Smai i rv, C/itwi & /mliistr (London) 839 ( I960) 

"H H SiSLER, H S Ahuja and N L Smith, tnor^ Chew 1, 84 (1962) 

L J hhLLAMV, The Infra-ietl Spccli a of Complex Xfoh'cuh":, p 320 1 Wilev, New York (1960) 
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Mal(’nal\ 

Teclinical grade dipheiiylehloiophosphine was gencioiisly supplied by the Vieloi Chemieal 
Wiiiks and was used vvjtboul lurther puiihcatiun thiorme gas and ammonia weie obtained from 
the Malheson C o The ammonia gas was dried by eoniicnsing on sodium metal and was then distilled 
into the icaetion vesse I All oi ganie reagents whieh were leciinieai giadc and were obtained from the 
I ishet Seientilie C ompanv were dried and fiaetionally distilled belorc using Phosphoiiis penta- 
chloridc (Reagent Ciiadc)v\.is obtained fiom Tishcr Seientific Company and was used without further 
puritieation 

Pi oi ediii c 

The eompound (( i.Hj) |P^N ,ll if I was prepaicel aeeoidmg to the method ot I1f7Man and Smai irv'^> 
with slight modilieatioii, aeeoidmg to the leaetion 

I III ij 

2(C„ll6),PCI , «NI(t - (C, Hr.),P.N,II,( i , 5NH.CI 

1 he .immonium eiiloiide was removed bv hitialioii and the filliale lelained Ihe solid lemaining 
e>n the Idler papci was i insed with w.ilcr to leinove the ammonium ehloride, washed with ether, and 
then air diied This poition ol erude (C , H ,),P bfji I jC I was added to the laigei poi tioii obtained 
m the nest step I e> the ehloi oloi m (iltiatc mentioned earlier was added a large volume of anhydrous 
ether whieh lesulted in the pieeipitation of etude (C,,l'l tiPjNiHjCI The etude (C,,H,)iP>N,H,C 1 
was reeiystallized lioni aeelonitrile to give laige eolotiiless needle eiystals m p 244 5-246 0 C, in 
81 pel eent )ield 1 he melting point inflated speetuim, and elemental analyses agiee with published 
data"’’ 

To a stiired suspension of 20 2 g (0 0447) of <C„llv)|PjN ,11 iC I nt 1000 ml ol ben/ene at refills 
temperatuie was added slowly over 4 hi 9 10 g (0 0447 mole) ol phosphoitis pcni.iehleiride in 100 ml 
of benzene A stieam of diy nitrogen gas was passed thiough the system The leaetion misltiie was 
refltised for 24 hi Aller eooling to loeun leinperaiiiie, 2 17 g of sedid unieaclcd (C,,H,),P.NjIl,Cl 
was icmoved by filtiation and the benzene layer evapoiateil to diyness to give .i w'hile erystalline 
solid eonsisting of tinicaeted pliosphottnis peiitaeltloiidc and eompound (I) After subiraeting the 
ihcoieiieal weight lot iinreacted phosphorous penlachloi ide liom the total weight ot etude reaction 
mixture, the eonveision ot (C, H,)|P.N|HiCI to eompound (I) was obscived to be essentially quan- 
titative rite white solid was rcerystalhzed from aectonilrile, dried foi 6 hi under vaetium at the boiling 
point of chloiofoi m, to give 17 91 g ol colouiless eiystals ol l,l-dieh)oio-1 1 5,5-telrjpheny)Inphos- 
phoniinle, m p 141 142 5 C (uneorreeted), 142 143 C reported This repre-ents an 88 per eeni 
yield based on the quantity ol tC'i, 1 1 djIANiHjC i eonsiimed Found C.56 25, H, 4 07 N, 8 08, 
P, 18 08, C’l 1179",, Mol wl 531 (eiyoseopie in benzene) C'aled lor (C,,Hf,),t I^P ,N , C, 56 01 
H, 3 92, N, 8 17, P, 18 07, Cl, 13 79",„, Mol wt 515 

A KBr pellet was used in obtaining the intiaicd speetrum of compound (I) 

Since the I 1 adduct of 1 ,1 -diehloro-3,3,5,5-tetraphenyllriphosphoniti ile and acetemitrilc slowlv 
dissociates, even on standing at retom temperature. Us melting point could not be determired 1 he 
existence of the adduct was established by chemieal analyses and metlceular weight delci minalion 
(Found C,56 92, H, 423, N, 10 00“,, Apparent mol wt 275 (cyoseopie in benzene ) Cale loi 
(CjHsljCFPjNj CHiCN C,56 23, 11,4 17 N, 10 08",, Apparent mol wt 278) 
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The systems NaCl CrClj and KCl CrClj 
DISCUSSION 

Both NaCI and KCl form, with CrClj, congruently melting M,CrClg compounds, 
c f Fig I and 2 The X-ray powder diagrams. Fig 3, for Na^CrCic, and KjCrClg arc 
dissimilar, and these compounds do not appear to be isostructural at room temperature 
Na^CrClg undergoes a solid-state transition at 590\ an effect not shown by the 
KjCrClg compound 


No, Cr Cl, 


.L_L 


KjCrCI, 




1 .1 lU 


j 0. 


K3 Cr^ CI9 




J L 


Cr Ci, 


_l U-J 1- 


-4 1 1 » 1— I- 


< I 1 ^ I I J- 


20 


2 5 


-I)- 


15 "5D 


60 


Ficj t — f/-Spacings ol major lines of Ci(III)-conlainmg compounds in MCI CrCl, 

syslcms 


The congruently melting 3KCI 2CrCI, eompound exhibits hexagonal symmetry 
with ii 6 A, c - 17 52 A and is isomorphous with CsjCrX'lg The 3NaCI 
2CiCI) compound was not obsersed, poveder patterns of those NaCl-CrCI, composi- 
tions with 0 35 X, ,, 1 ^ showing lines only of Na,CrCI,j and CrCI^ 

The steep rise of the liquidus of the NaCI CrClj system with X, 0 32 

indicates the solid phase to be higher melting and less soluble than would be antici- 
pated for NdjCijCl.j If the solid phase in this composition region is CrClj,p,. as 
indicated by the room tempeiature X-ray patterns, at temperatures above 900 C 
substantial pressuics ol and CrC l,(g, should be generated by displacement of the 
ci|uilibi la 

CiCI,„, - CrCl.x,, \CI,„, ( 1 ) 

ind 

2CiCI„.,- CiCT,„ ' CrClj,„, (2) 

to the light by solution of C'lCljd, in the melt * Sample bulbs containing NaCI-CrCI^ 
mixtures with 0 45 were obseived to explode at ca 920 before reaching 

litjLiidus temperatures 

The apparent non-existence of Na,CrXI„, contiasted with the congruent melting 
hehavioiii of K ,Ccd(|, demonstrates a rather maiked increase in complex compound 
stability upon going from the Na to K' cation The melting behaviour of rs,Cr,Clq 
would determine whether this trend m stability continues to the larger Cs icsn 

In agreement with the spectial indications ol CrCI,,’ stability,*^* the liqiiidus lines 
of NaCI and KCl-nch compositions indicate CrCI,.* to be the principal Ci(lll)- 
coiuammg species in the molten alkali chloride solutions near the ficezmg point If it 

* For these reactions the eslimaled A' ~ 10 * at 920 C Since the sample bulb contains 0 2 0 t g 
atoms rr(III) and has Fee volume ~25tnT* internal pressure, of several atmospheres can be 
arUicipatcd in the presence ot CrChc^) 
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THE RELATIVE RATES OF REACTION OF TRIMERIC 
AND TETRAMERIC PHOSPHONITRILIC HALIDES WITH 

^-PROPYLAMINE 

r MoiiijR.indS G Kokxlis*' 

Noyes C hemicdl I dboi itoiy Uniscrsity of Jllinois L'lbdiid Jllinois 
(Reiiitnl 19 Miiidi 1961 ) 

Abstract A conduetimetnc kinetic analysis of (he aniinnlysis ol the' phosphoni’rilie halides (NPb.), 
nnii j,(NPCli)i iini 4 and (NPBf i), an.i 4 hy /i-propylamine in iccloniinle ai 25 indieaics a second-order 
rate-delermining step in each instance I tom data for the seeond-ordei constants ik.) and the 
pseudo first-order constants (A',) the coniparaiitc order ol reaelisity is (NPBr ), (NPBr )j 
~(NPCI,). (NPCl,), -(NPh.), (NPr>), 

AliiiolCiH icacttotis of the phosphotittrilic halides (esp ehloi ides) with primary 
alkyl amines ha\e been uttli/ed for synthesis.*'- no c]uanlitati\e eoi relations of 
rates of animolysis have been established Kinetic studies have been limited to the 
polymen/alion of the letiameiic chtoiide,'' ''' to the reaction of the tiimeiic ehloiide 
with aniline in ethanol/''* and to the icaction of the tiimene ehlonde with pipeiidine 
m toluene"'” In the last of these studies, mixed second- and ihitd-ordei kinetics 
were obscived foi the formation of the mono-pipeiidmo deiivative and it was noted 
that the tetramciic chloiide leaets nuieh more uipidly with an amine than docs the 
trimeric chloride 

Inasmuch as the mteipretation of (/,-/). aromatic charaelei in these iing systems 
IS of gencial inleiest, an insight into the elleet of both iing complexity and elcetio- 
ncgativity of the halogens picsent on the availability ol rZ-oibitals lioin the phosphorus 
atoms tor nucleophilic attack is of inteiesl Kinetic data essential to such an approach 
can be obtained conductimetrically since the aminehvdrohalide product of the 
aminolvsis reaction is lomc Idi convenience the leactions studied were limited to 
those ot n-propylamine 


rXPl RIMfNfAl. 

^faleimls Commc’ici.il tnmeru. and IcIranKric phospboniliilic i.fiU'iidts obi lined fioni Hooker 
theniieals Coiporatioii were’ puiificd by leiiyslalli/ation lo ni.ilemls nn.lling al 114 and 12S 

* hoiidcrman Chemical l-.ihoralories VVashinglon L niveisiiv St loins Mo 
S G K 0 K.A 11 S K loHN T Moi I 1 1 K and 1 I Aiorii in J liioi'^ Xni/ f /;< ;/< 19, 191 |I96|) 
M Bi OKI -Go) HRiNC,. X loiiN .ind 1- tiiCK / I/ioie Cluni .^2.10^(19^9) 

K John T Moi 1 i i r and I f AoDUinny tmn (him Six 82, sulo ( I960) 8.t. 2('0.S ( 1 961 ) 
'’H 1 il'kiN, US Rut No 2I9292I (1940) 

"'S K Ray and R A Snvw Clum wiJ huliiUi 5t(l9S9) Pox Clum Soc 26(1960) I C him 
5fx 872 (1961) 

’ M Yokoyaiaa Nippon Ko^ukii /awlii 81, 1451 (I960) 

' 'f PAiArandK FRoMBiiNti Moiuiish 86, 718 (19.55) 

"" •) O Konfcnv, C M Done. LAS and M Y Cjrav J I'ohmn Sii 42,181(1960) 

'“’■I V BAUtYandR E Parklr Chcni inul huiusti 1821(1962) 

B Capon, K Hues, .ind R A Shaw Pioc Chrm Vix 190fl9(,2) 

7 1197 
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rcsptcdvtiy Tlit phosp(ioi);iii)it bromnles were prepared as previously dtstnbed'”’ and were 
rLCiystallued Irom //-hepl.inc flic fluorides wcic obtained by reaction of the thloiidcs with sodium 
fluoride in nitiobenzeiic Piiiihed n-propylamine was refluxed over and then distilled Irom 
potassium hydroxide pellets Aectomtrile was distilled foui times from fresh phosphorus (V) 
oxiile Its conduetivity was within the range 5 9 10 * 11 cm ' at 25 eitcd lor samples containing 

less water than is detectable with Karl Fisther reagent 

'ippaidii/s All eonductanec measurements weie made at 25 0 + 0 1" with an Industiial Instru- 
ments Inc , bridge. Type RC-I6B, operating at 1000 c/s The eonduelanee cell contained platinized 
2 0 3 0 em platinum electrodes <md had a c.ipacity ol 65 ml A ground-glass stopper excluded 

nuiistiiic The coll constant was 0 147 cm ' 

I’lmiihiic Since it was established independently that no complicating leacturns occur and that 
fleshly prepared solutions ot the reactants ((NI’X,),, and n CjHjNH.) in anhydrous acetonitrile have 
negligible conductance, only the amine hydrohalide, n-C,H-NHj*X , pioduced duiing aminolysis 
was responsible lor observed conductance Standard 10 - or 10 '' M solutions of the reactants were 
used 1 hesc vveic brought to thermal ee|iiilibrium in the thermostat bcfoic mixing Mixing was 
cllectod in the conductance cell by adding a measured vcvlume of one reactant with a syringe to a 
measured volume of the other A sterpwatch vvas st irted at the instant of mixing, and resistance was 
then measured at suitable time intervals It was lound desirable to record icsistanee each minute 
for the first 10 min and then <it increasingly long intervals up to 100 min Ihe resistance observed 
alter 100 hr was considered to be that lor complete icaelion (R ,) 

Successive dilutions ol the original stock solutions to one-tenth the original concentration were 
used to provide additional reaction systems Consistency in proceduial details permitted correlation 
of reaction rales among the phosphoniti ilcs studied 


RhSULTS AND DISCUSSION 

The overall order of the aminolysis reaction was deterntmed in each instance by 
the variation-m-ratio-of-rcactants method Jt was found essential to use 10“'’ 
10 M solutions of the reactants to achieve less than 10 per cent reaction within the 
first 5-10 min of study Based upon the generalized rate expicssion 

^ = k[(NPX.,), ( 1 ) 

the order as so determined for each reactant is summarized in Table 1 The values ot 
m and « approach unity m all cases within experimental error The graphical method 
of Pessen‘''’> was used to determine the total order of the reaction, N When 10 ^ 
10 '* or 10 ^ M solutions were used, reasonably linear plots of the quantity 
RfliRi - Ry) vs time were obtained for all of the phosphomtnlic halides studied 
These are in agreement with a second-order rate-determining step for the aminolysis 
reaction Pertinent data are summarized in Table 2 

Rate constants were derived from half-life data (Table 3) by Ptssfn’s graphical 
method and a pseudo first-order calculation The pseudo ky values (Table 3) 
were based upon the first 3 min of reaction with the amine m 30-40 mole ratio excess 
The values were obtained by dividing values by the concentrations of th- 
amme, a 

"" K John and T Moiller, 7 /nu/g Nui! Chetrt 22,199(1961) 

T Moulfr, K John and r V Tsano, C/iwi anU /ii<ii4sit 347 (1961) 

W S MuNFvandJ F Coep/ff, 7 Fhys Chem 66,89 (1962) 

F Daniels and R A Aibfrty, Physical Chemistry, p 330 J Wiley, New York (1955) 

H Plssfn, Silence 134, 676 (1961) 

F Basoio, J CHArr, H B Gray, R G Pearson and B L Shaw, 7 Chem Soc 2207 (19611 
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Table I 

- ORDI R IN RFACIANT MOIKLIIFS 



Phosphoniti lie m 

n 




0 68 1 15 

0 62 1 30 



n,p,f„ 

0 86 1 09 

0 68 1 19 



N,P,C l„ 

0 72-1 21 

0 73 1 38 



1, 

0 67 1 20 

0 65 1 17 



N,P,Br„ 

0 77 ! 25 

0 80 1 25 



N,P,Br, 

0 68 1 20 

0 70- 1 25 



Tahi r 

2 - Pi SSI N Ml THOI) 

OF ANALYSIS 





Re.icliori tompicled in first 10 mm 

Phosphonilrilc 

V 

(min 'mole ' 1 ) 

( 

“o) 

N3P3F 

2 14 

25 300 


15 

N.lbF, 

2 24 

200-1,000 


26 


2 10 

2 000 6,700 


36 

N.P.CI, 

2 20 

8,000 10,000 


40 

N,PoBr, 

200 

20,000 80,000 


38 

N.P.Br, 

2 22 

20,000 160 000 


68 


•(NPX^),, RNH, 1 12 lor « -- 3. 1 16 tor « -4 All at 10 * M 


Tabll 3 

-OXTA FROM HAIF-IIIC* 

\M) PSEMK) k, 

1 ' CAlCl 1 ATION 


A. 

A.' 

A,' 

Phosphonilrilc 

(min 'mole ' 1 ) 

min ' 

(min 'mole ' 1 ) 

HP^Fo 

17'-300 

0 035-f) 050 

35-500 

N.P^Fh 

133-1 880 

0041-0 037 

41-366 

N^P.CI, 

1,300 6 600 

0 070-0 152 

1 52-700 

N4P,Cb 

3 000 -6,670 

0 129-0 246 

246-1 290 


2,400-20 000 

0 085-0 220 

220-850 

N^P^Br, 

20 000-180 000 

0 195 0 274 

195-2,740 
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Although the rate-determining step is indicated to be second ordei m all instances, 
simultaneous fast first-order processes may not be excluded from mechanistic con- 
siderations since Dostrovsky and Hoi mann“'> have shown that an amino sub- 
stituent on a phosphorus atom enhances the loss of halogen from that atom by an 
SNj process It IS essential, of course, to extend these mxestigations to other solvents 
to determine whether the SNo rate constants change and thus to establish whether 
or not a more complex rate-determining step inxolving interaction with the solvent 
exists In that successive aminolysis reactions arc occuiiing, only the slowest step is 
being detected A complete interpretation of mechanism will require evaluation of 
rates of aminolysis of the partially substituted derivatives, N,Pj(NHR)|; A 

promising beginning has been made by Shaw 

The minimal reactivity of the trimeric fluoride suggests the least availability of 
d-orbitals from the phosphorus atoms for nucleophilic attack with this compound 
A higher degree of aromaticity for this compound through involvement of the phos- 
phorus d orbitals with the nitrogen p-orbitaK in d„ ring interaction would reduce 

”"1 Dostrovsky and M Holmann, / Clum Soc S02 (1953) 
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orbital availability That the trimene chloride reacts completely with trimethylamine 
whereas the tiimenc fluoride undergoes no reaction”®' supports the concept of 
greater lesonance stability m the latter compound and greater availability of d- 
orbitcils for SN, attack in the foimcr 

Data for the ammolysis of the phosphorohalidates (R,POF ; R^POCI . R,POI) 
show the same tiend m halide reactivity, howevei Since no ring resonance can 
be involved with these compounds, it is reascvnable to assume that the stone environ- 
ment of the phosphoiLis atom may also influence the reactivity of substituted groups 
If the foimation of a tiansition-state intermediate with pcnta-substitutcd phosphorus 
IS requiicd, the gieatcst difficulty m its formation should be noted with the most 
rigid planar iing, i e that of the trimeiic fiuoiide The less i igorous conformational 
requirements about phosphoius in the tiimeiic chloride and bromide might then 
allow the foimation of a transition-slate intermediate with less difficulty The 
greater icactivity of the less rigidly structured tetrameis may be a consequence of the 
same geiicial situation since gieatcr steiic flevibility about a phosphorus atom moie 
readily allows the conformational changes lequired in the foimation of intermediates 
The data cited above do not agree with the suggestion that the bulk effects of the 
amine*’' aie of primary importance in accounting foi a greater late of aminofysis 
with the tetiameric chloiidc than with the tiimeiic chloride 

The polarizability of the halogen atom being leplaced will also influence the over- 
all rate of substitution, oihci factors being equal This would suggest the ordci 
I Br Cl 

It IS apparent from these preliminary observations that extensive kinetic investiga- 
tions will be necessary before the solvolytic reactivities of the phosphomtrihe halides 
can be completely understood That reactions of this type proceed at measurable 
rates should be helpful in studies of this type 

— Support received by .S (j K fioin the Litiyl Corporalion and I I diil’ontdc 
Ncinouis and Cesmpany m the toim ot giaduilc fellowships is gi.ilelully aeknovvie'dgcd 

"■”A B Bi ro and A B Carkon J Inin Q hem Six 8J, ( 1959; 
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THE FORMATION OF COBALTIC ACETATE IN THE 
CATALYTIC DECOMPOSITION OF PEROXYACETIC 

ACID 

E Kouhik and J () EnwMiDS 
Metcalf Research Laboratory, Bro.vn University, Piowdeiice 12 R I 


(Rr'r £/(’<■</ 25 March 1962) 


Abstract The kindles and mechanism for the dceompositiop ot peiosy lectic acid by cobaltous 
.icclale have been investigated The reaction is Inst order in pciosyacdic aciii and varies fresm one 
to one-half order in cob.dtous .icctatc depending on its initial eoneealr.ition Dining Ihc decomposi- 
tion leaclion ' eobaltic aeelalc” is loimcd Ibis cesnipound has been isolated and in\cstig,iled 
Lvidenec is presented which indicates that the eonipound is 

[(Ac)jCO(OH)jC 0(Ac)j] in which acetate ion is seising as a chelating lig.ind 

St VI RAL workers have reported the preparation of a compound which has been loosely 
referred to as “cobalttc acetate” '' The method ol preparation employed*' 
incolved the eicctiolytic oxidation of a cobaltous acetate solution in glacial acetic 
acid to which small amounts of watei had been added Although the same product 
appears to have been isoiafed by all these groups of workers, there is considerable 
disagreement as to its slrucluic and oxen as to its composition Schail and co- 
workers"!-' claim to have prepared the compound Co(Ac) , or Co ,( while Kvuso 
and Siiibma"' suggest that the cohall in their compi iind is present in the lorm of the 
dimeiic cation, [{H Ac) 4 Co(OH) 2 Co(HAc')i] ' Shvrp and Wuiii'" appear to have 
investigated their product in grcatei detail, howcvci they were unable to airivc at any 
definite conclusions as to Us sliucture or composition As a icsult ol conflicting experi- 
mental evidence, they suggest that the gicen solid isolated Irom the electrolytic process 
may actually be a mixtuie instead ot a single cc’inpound Pi st h anski and Wurmstr*^’ 
claim to have obtained a scries of compounds coi responding to definite formulas 
such as Co[(Ac)XlLO)Co(OH),Co(H ,0)(Ac)J and Co[(Ac) ,Co(OH) ,Co(OHXAc) >] 
while oxidizing solutions of cobaltous salts with alkaline persulphate m the presence 
ol acetate ion However, these structiiies wcie appaicntly deduced simply from 
elemental analysis and frcim the ratio of cobalt (II 1) to tot,il cobalt, which in most cases 
was reported to equal ■; It is ol interest to note that divalent cobalt has been assigned 
die lole of a cation instead of eonsideiing the crude product a mixture as was done by 
bit ARP and WjtiTi Howevei. it is surpiising that the cobaltous ions aie not shown 
to be hydrated If they aie assumed to be hydrated there would appear seiious 
discrepancies between the compositions calculated on the bases ot the proposed 
Structures and those found experimentally 

"C Schail and H Marroroi r, Z/uhv 4mci I Ici ixxlicrn ‘ioi 45,16111924) 

'■’C ScHAicandC Thi imi-Wii dimari mi r, EJcktiodicw 35, '’27 (1929) 

" J A Shari* and A G Wmn,/ Clwm Soc 110(1952) 

M F Kyono and M Shibaia, Nippon kHopii Kuai A/ii 77, 1424 (1956) 

’D Pi scHANSM and Y Wormsir, C R Acad Sci l\iii\ 252, 1607 1)961) 
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It has been fcnind now that oxidation of a solution ot cobaltous acetate with 
pcroxyaeetie acid gives a green material which the experimental evidence suggests is the 
compound shown m big 1 The catalytic decomposition of peroxyacetic acid, which 
occurs during the lormation oi the cobaltic complex, has also been investigated The 
kinetics of decomposition were lound to be in agreement with the proposed dimeric 
nature of the complex Possible mechanisms for the decomposition of peroxyacetic 
acid are discussed 
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PicpuiuiKiii of the iohdUtc contple\ five millilitres of a concentrated (~708 per cent) solution oi 
peroxyacetic acid were slowly added to 20 ml of an ice-cold saturated solution of cobaltous acetate 
(Caution this reaction is extremely exothermic and is accompanied by vigorous gas evolution 
Concentrated peroxyacetic acid should not be allowed to come into contact with a cobalt-contaming 
solid ) After the addition ot peroxyacetic acid, the reaction mixture was allowed to stand until the 
evolution of gas had ceased The solution was then immediately placed in a desiccator over sulphuiis 
acid, evacuated and allowed to evaporate to dryness The resulting product was a green amoiphoiis 
solid which could not be recrystallized 

Analvliiat methods Elemental analysis of the green solid was carried out by the Schwai/bopi 
Microanalytical Laboratory, Woodside, N Y The percentage of total cobalt present as C o (III) was 
determined as follows A known weight of the solid was added to a 1 M sulphuric acid solution 
containing a known excess of standard ferrous sulphate After standing under nitrogen until Hk 
initial green colour disappeared (roughly 5 mm), the solution was back-titrated with standard cciiv 
solution to an orthophenanthrolinc endpoint The total cobalt content of the sample was detcrminol 
by a standard volumetric method 

Basic titration curves were obtained with the aid of a Beckman Model G pH meter 
Spectroscopy Absorption spectra were determined with a Cary mode! 14 recording spcctrophoio- 
mcler Solution spectra were recorded using 1 or 5 cm matched quartz cells while the spectra ot 
solids were obtained upon samples mounted in pressed potassium bromide disks Gas samples wen 
studied in conventional 10 cm cells with sodium chloride windows 

Molecular w/yAr delcimmalions These measurements were made with a Beckman thermonieli-i 
in glacial acetic acid by the usual freezing point depression method using a cryoscopic constant oi 
3 90,'” 

Gai analyses A quantitative measure of the amount of carbon dioxide liberated by the catalyin 
decomposition was accomplished by absorption of the gas into a solution of barium hydroxide an. 
then determining the precipitated barium carbonate gravimetncally Infra-red measurements ol 

HI w w’ Scorr, Standard Methods of Analysis, p 318, Van Nostrand, New York (1939) 

Handbook of Chemistry and Physics, p 1956 Chemical Rubber Publishing Co , Cleveland, Ch ‘ 
(1952) 
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sample of the gas which remained alter absorption coiiliimed the cnieicney of the method Mass 
spectral analyses were performed at Bell lelephone Laborate>ry, Murray Hill, N J extreme care was 
exercised throughout to exclude all atmospheiie gases 

Pnpcinitiun of lohi’lleit peioyyacelu ai ul Beroxyaeetn, acid, doubly labelled with oxygen eighteen, 
was prepared slaiting from doubly libelled oxygen gas obtained from the YhDA. Research and 
Development Co , Rehovoth, Israel I he doubly labelled oxygen gas was reacted with metallic 
sodium to loim sodium peroxide which was in turn hydrolysed to hydrogen peroxide This soluiion 
was further concentrated with 98 per cent hydrogen peroxide ol noimal isotopic composition By 
oxidation of a poition of this peroxide solution with e^rie ion (a process which is knowm not to sever 
the peioxide bond’*^'), the tinal content of doubly labelled peroxide was found to be 4 per cent 1 he 
pcroxy.ieetie acid prepared from this hydrogen peroxide xxas assumed to have the same isotopic 
composition'"’ 

Koietu nit'iisureniciil', All runs were carried out in ammonium aect lie butler solutions prepared 
by passage of ammonia gas into a solution ot licshly distilled wclic acid m deionized water I he 
cobalt salt as well as the salts of other transition metals studied (accliles where possible) were le- 
eiystallized Ihicc times from sleioni/ed water before use Constant temperature was maintained 
thioughoul each kiiivlie run by mvans ot a temperature conirolled water bath I he peroxyaeid 
eoneeiilrations weie determined lodoineliieally 

RLSULIb AND DISCUSSION 

foi nialion oj iohallic cKctale At the pH values ol the acetate buffeis used (4 5-5 H) 
the spontaneous decomposition****’ and hydrolysis of pcroxyacetic acid was found to 
be negligible In the prcsene’c of exceedingly small amounts of ionic cobalt, rapid 
decomposition was observed Subsequent expeiiments showed cobalt salts to be more 
than 200 times as cfTectnc as equivalent amounts of Mn(lJ) ion, the second most 
cffeetvve catalytic ton Of lesser activity were he (111) Cu(ll), UO, (II) and Cr (111) 
ions in that order Ions showing no catalytic elleet were Pb(ll). TI (I) and Ni (11) 
Since extreme care was taken to exclude extraneous metal tons any promotional cfTects 
are believed to be negligible Due to its greater activity, the cobalt catalysed decom- 
position was studied in detail 

The decomposition in solutions ot varying cobaltous aeet.ite concentrations 
(10 •’ 10 *■ M) was found to be first order in pcioxyacid concentration, I c log(pcro\y- 
aeid) vs time gave linear plots to 90 percent reaction A plot of the logoi the observed 
first order rate constant vs the log of the initial cobalt concentration varies in slope 
changing from 1 at 10 *■ M cobalt to I at 10 *M cobalt (Fig 2) I he order in 
hydroxide ion vanes slightly in the pH range 4 5-5 S, being approximately 0 2 The 
1 ate of decomposition also increases w ilh tenipcratuie the activalicm energy amounting 
to 21 6 i 1 kcal/molc However, at a constant pH and temperature the experimen- 
tally observed latc law for the reaction is 

A[CH,CO|H][Co]„ 

Rate 2 j 7 S-n 

A, . (To],, 

This may easily be explained in icinis ot .i cob.iit moncvnier'dimei ecjmlibrium 

I e , 2 M — with only the monomeric species being c.iialylically active 

f he reaction solutions which cont.vincd Irom 10 ^ to 10 ’ M cob.iltcvus ion initially 
weie (ound to turn green immedtalcly upon the addition of pcrcvxyacciie acid The 

'"'A r Cahili and H Talihl, 7 bmi CJuni So< 74 , 2VI2 (I9'',.l 

'"T A Bunion.T a Llwis.indD R Liiwimvn J (hem Su, i::6(l95b) 

r Kouiiik, M I Hac.c.hi C 1 Bmivoiiv K M Ikni-Rxsv H Y Pvvx.md I O Liwxards. 
J Amer Clwm Soi 85, 226UbRA) 
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•»« O-'liidtlBl 

Ik. 2 I Ilf the obsi.i\cd lltsl order r.itc Lonslant in 111 per molc-miii vs llit logoi 
ihe iniiKil eonccnluition ofcobaltoiis acetalc for the cobalt catalysed decoin position of 
pcioxyacctic acid pH 5 4 Temp 19 9’ 

ultra-violet and visible absoiption spectra of these solutions correspond to those 
reported for “cobaltic acetate”.' *>'i> i e , an absorption maximum at 610 m/t with 
~ 121 and a band at 360 m/t with ~ 922 This second band docs not reacli a 
maximum even at the limit of the measurements. 210 m/i Spectral analyses of the 
solutions made from the solid green cobalt complex isolated show them to have 
identical absorption spectra as the above mentioned reaction solutions The solid 
complex dispersed m a potassium bromide disk also has an identical absoiption 
pattern 3 hus, it is believed that the green complex isolated and investigated m detail 
is actually the same as the one present in solution during the decomposition of 
peroxyacctic acid, although it, itself, appears to be c.italytically inactive 

burther evidence that the green complex, which is presumably the dimer, is 
catalytically inactive is suggested by the fact that addition of TDTA to the leaction 
mixtures at any point stops the decomposition reaction immediately However, the 
color of the green complex pcisists for several minutes, slowly changing to a deep red 
characteristic of the EDTA cobaltic (1 11) ion complex Therefore the green complex 
which persists even in the absence of decomposition cannot itself be catalyticallv 
active 

Samples of the green complex isolated were analysed and found to contain up lo 
90 per cent of the total cobalt m the tnvalent oxidation state At times the cobalt ( 1 1 1 ' 
concentration was as low as 66 per cent of the total cobalt content corresponding tt 
the work of Peschanski and Wormslr"'* However, Plschanski and Wormser alst 

on Mori, M Shidata, E Kyuno and H Nakaiuma, flu// Chein Sat . Japan 29, iiST 
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claimed to have isolated samples of higher Co (111) content and, in these, postulated 
the compound Nd4[(Ac),(OH)Co(OH),Co(OH)(Ac)3] m addition to those previously 
mentioned Ail attempts to remove the small amounts of cobaltous ion present 
proved unsuccessful Unfortunately, no solvent or mixture of sohents could be 
found for recrystalli/ation The lon-exchangc methods suggested by Sharp and 
WiiirU'** gave non-reproducible results which arc probably due to decomposition of 
the compound as well as the resin In view o( the difhcultics originally encountered 
by Sharp and Wriiir, this procedure was not investigated further 

Nevertheless, the results of the elemental analysis ot a sample containing 86 per 
cent total cobalt as Co (HI) arc as follows 


Flemeni 

( alculalcd ( "/„) 

Found ( 

C.irhon 

24 7 

23 S 

Cobalt 

10 4 

31 5 

Hycin'gcn 

1 6 

4 0 

Oxygen 

41 3 

40 6 (by dilTcrcnce) 


The calculated values correspond to the compound shown m Fig 1 The infra-red 
spectrum of the solid is cssciKi.illy that ol cobaltous acetate, except lor a very sharp 
O- -fl absorption No absorption is present m the region of 1000 -700 cm ' confirming 
the absence of a peroxidic gioup Iheretorc. even though the above results were 
obtained upon an impure, cobaltous containing solid, the impuiUv was apparently 
cobaltous acetate and as such would have introduced veiy little eiror into the above 
results 

The moIccLilai weight of thegreen scilid dctcnnined by the Iree/mg point depresMon 
of glacial acetic acid was found to be 378 388 g/inolo which is in excellent agreement 
with the theoretical value 387 % No apnaicnt decomposition of the complex was 
observed in glacial acetic acid at loom tempeiatuie duiing the course of these 
measurements 

That the green ccsnipound does m lact contain tvvo hvdioxy-biidges is supported 
by the basic titration experiments These slunv that two moles iil hydroxide ion are 
necessary to precipitate one mole of cobalt as Co(OHl, Irom the oiiginal green 
complex That one mole of OH picsent exists as a budging ion is strongly suggested 
by the following set ofcxpei iments coiuluclcd vv ith the chelating agent nili ilotruicctatc 
N(CH,CO,H), -= ata 

It has been shown by MoRt cl al that this compound (ata) acts .is a quadridcn- 
talc ligand towaid cobaltic ion torming scxcral t>pcs of compounds The tvxo ot 
mam interest here are the mcvnomcnc [Co ata (OH )( II ^O)] .ind the dimeric [ata 
Co(OH) 3 Co ata]^ Both compounds have been laiily well established and their 
absorption spectra repented 

ft was found in this laboratory that it poroxyacetic acid was added to a buffered 


“'’M Mori, M Shibaia F KvuNo.imn Okobo Hull I hem S.s /apen 31, 940 (I9SS) 
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cobaltoiis accldte solution containing nitnlotriacctate, a deep violet colour appeared 
immediately By means of the absoiption spectrum it was found that the cobaltic ion 
loiined was piesent as the monomeric [Co ata(0H)(H,0)] ion The catalytic activity 
of this complex was found to be negligible However, it the chelate was added to an 
actually decomposing peroxyacetic acid solution, i e , one in which peroxyacetic acid 
and the usual giccn complex were present, decomposition immediately stopped The 
giccn colour still lemained lor several minutes (again indicating that the green complex 
by itscll cannot be an active catalyst) but then turned to a pale blue which lasted much 
longer, and linally the solution became a daik violet Examination of the absorption 
spectra cluimg the course of these colour changes clearly indicated that the original 
green complex gave way to thedimei ic nitrilotriacetate complex [ata Co(OH)_,Co ata]“ 
which was in turn slowly transformed into the apparently more stable monomeric form 
[Co ata(0H)(H_,0)] As a result of these observations it seems reasonable to assume 
that the intci mediate hydroxy-bridged nitrilotriacetate cobaltic complex results from 
leplaccmeiit of acetate groups of the oiigmal hydroxy-bridged green complex by two 
nitrilotriacetate groups 1 his is then followed by rupture of the bridging bonds to give 
two monomers If the oiiginal green complex did not contain two hydroxy-bridging 
groups It IS difTicult to understand why the intermediate formation of the dimeric 
species [ata Co(OH)_jCo ata]- .should be observed 

However, although much of the evidence strongly supports such a structure as 
given 111 Fig 1. there arc some objections which must also be pointed out These 
arise from the fact that acetate ion seldom serves as a bidentatc ligand Acetate ion 
may serve as a bridging ligand in complexes such as [AcHjOCufAcl^CuHoOAc]"^' 
and as a chelating ligand in Na[UO,,(Ac),]*“* but m these compounds a more favoied 
geometric arrangement is involved than is recjuired for [(Ac),Co(OH)/Ac),] 

Decomposition of peioxyacetic acid Mass spectral and infra-red analyses of the 
gas evolved during this decomposition revealed the presence of only three compounds, 
carbon dioxide, carbon monoxide and oxygen The major portion of the gas con- 
sisted of oxygen and carbon dioxide in roughly a 1 1 ratio while the carbon monoxide 
present amounted to only 3-4 per cent (See Table 1 A) This is contrary to the results 
reported by Vrbaski and Brimta”*’’ who claim that the products of the cobalt catalysed 


TaIUT 1a - Pi R CFNr COMPOSlIlON OF IMF C,AS LVOI VFD DURINC. IHb COBALT 
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Sample 

Hydrogen 

Nitrogen 

Oxygen 

Carbon 

Dioxide 

Carbon 

Monoxide 

Water 

I 

0 01 

0 00 

44 HI 

58 03 

3 64 

13 44 

It 

0 00 

t 27 

46 20 

47 30 

3 18 

2 13 


E A CorroN and G Wilkinson, Advanced Inoiqamc Chemistry, p 756 Interscicnce, Nt' 
York (1962) 

F A CoiroN and G Wilkinson, Advanced lnoif;aiuc Chemistry, p 901 Iniersciente, Nc 
York (1962) 

(ini y Vrbaski and T Brihfa, Ailnr zu Kemnu 26. 267 (1954) 
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I2(> 

IS .jssumcti that thi. alkali (.KIoiidL aLli\ity can be calcLilatcd in the manner of 
I 1 mmn' ' ’ 

</m, , (A M' iMoti X i/A (^) 

and it C iC l„‘ IS the pi incipal C r Lonlaimng ion, the nominal \, ,, , lequiied to lower 
the \1C I tiee/mg point liom /„ to / is 

hi {<Imi |] In [(I 4 \ , I, I ) ( I ^ ,( i„)] 

I A//, (/ ' /„ ') r / ■ I ' M'c/7 r//l/R (4) 

I /nd ij 

tile picdicted meltm^ points of the e spei imental MCI C'iCf, mistiires weie 
calLiilatsd tiom I L|iialion (4) rhese lempeiatmcs aie plotted m the loim 



no 4 — Comparison ot caleulaltti \s obseived MCI mp lor <) C iC I 3 in NaCI, 
#CrCljinKCI. CrCl. inNaCI 

rhe hiinetion/'t ITT) /JIntI 4\,,n„)/(l ^V,,(i„) I Ac „ i/rr//- /A//, 

L ' i„J luJ 

* fn the ealcnlation of / ( A, 7 ) ot Fig 4 (he values AT/^ (NaCI) 6690 cal/molc, A/// (KCI) 
6340cal/mole were Irom Dworkin and Brioki,'"’ The Ac,,’s were from Kiiiiv 
M Tfmmn, A(/i! Ph\ > Chem Li R S S 20, 41 1 (1945) 

'“’A S Dw/ormn and M S BRrnR/, ^ Phw Clwin 64,269 (1960) 

K K KtLi I Y US Bureau of Mines Bulletin 584, ( 1960) 
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decomposition of peroxyacclic acid arc ovygen and acetic acid Quantitative deter- 
mination of the carbon dioxtde evolved suggests that the reaction 

3CHjCOjH — ^ CO, O. 2CH^COdd ! 

IS taking place However, it was found tliat during the decomposition of the peroxy- 
acid, in ammonium acetate buffer containing carbon 14 in the carbonyl position, up 
to 30 per cent of the carbon dioxide liberated arises from the acetate buffer Since it 
has been shown that any exchange between peroxyacetic acid and acetate ion which 
may occur is slow,'*^*'* one must conclude that the decomposition is taking place, at 
least m part, via a free radical mechanism mcolving acetate ions of the buffer 

Perhaps even more interesting is the fact that the experiments with doubfy labelled 
peroxyacetic acid show that the peroxide bond remains intact during catalytic decom- 
position at the higher concentrations of cobalt (^10 M) (See Table IB) Although 

TaBII- fu — RfSULIS of the 1)1 roMEOSlTION OF SSMPIFS I \RirHFI) Will! 

DOl'llLV I ABEI I FI) OXYI.IN 


Sample Ratio '“O > ! (total ‘'O content) 

Oxidation ol enriched TtiOiWiili 

excess ceric ion 0 88 

Decomposition of enriched peroxy- 
acctic acid prepared from the 
above HjOa with 10"’ M cobalt- 

ous acetate 0 86 

Decomposition of enriched pcioxy- 
acetic acid prepared from the 
above HjOj with 10 ■* M cobali- 

ous acetate 0 65 


It has also been shown that the peroxide bond is not broken under certain conditions 
m the catalytic decomposition of hydrogen peroxide a v\e bclicxc that this is the 
first report of such a result involving a peroxyaetd 

tn view of the above observations it is possible that the predominant steps leading 
to the catalytic decomposition ot peroxyacetic acid are as follows 

CHjCOjH ^ Co^' -tCo'* -CH 3 CO, . OH (1) 

:Co’ ^~-Co,'' (2) 

0 

Co^*' I CHjCOjH -l±:Co-' I CH,C\ H (3) 

00 

O 

CPI c ‘ Co’ — ►products (4) 

^ O O 

G Levey, D R Campbili J O towAROsand t MArlAriii \n' J 4mci Clum Soc 79, 1797 
(1957) 

R C Jarnaoin and J H Wano.J Arm’i Cluin Sot 80, 786 tm58) 
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However, at lower eoncentrations of Co(ll)(^ — '10 *M) significant scrambling 
(30 per cent) did occur Picsumably at this concentration reaction (4) is beginning 
to be replaced by a step such as 

2CHjCOj H products (5) 

A similai situation*''* is believed to exist in the case of the oxidation of hydrogen 
peroxide by varying amounts of Ce(IV) Although the scheme given above is con- 
sistent with the kinetic behaviour, the products obtained and the labelling experiments. 
It IS by no means meant to be all inclusive 

Ackiiowlidi^inuiil I he .lulhors wish to express their apprceiation to the US Atomic Energy 
Commission Toi ils lin.iiiei.il .issist.inec .ind to Dr M I Haggftt for in.iny helpful discussions 

""’Cl Ci^APSKi H H I HiiisKiandN Soiin,/ PIi\\ i hcni 67, 201 (I96t) 

""’H H I hriiski.indt .Saniio, 7 /V;n Hum 66. 2266(1962) 

'-'”W I Dixon and R O C Norman, AV;////,- Lani! 196, No 4857 891 (1962) 
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THE PREPARATION OF METAL-/^-KETOIMINE 
COMPOUNDS BY CHELATE EXCHANGE* 

A W Si RUSS and D F Martin 
W A Noyes Laboralnncs Depariment of Chcmistiy and Chemical Enpinctring, 

Univeisity of Illinois 

(RkiukIW 4/}/;/ 1961) 

Abstract I he scope and limitations ol chelate exchange as a method of preparation of mcial-p'- 
kcloiminc compounds is described 1 he outstanding adsanlagc of the method is that it mininii/es 
hydrolysis and amine exchange, side-rcaclions frequently encountc'ied with other methods The 
mam disadvantage ol chelate exchange as a synthetic method is the icquirement of a favourable 
equilibrium 

In connection with studies of the reactioiis involving inela! tons and /f-keto- 
imincsd'^^* jt has been noted that hydrolysis is an interferL'nce Another side reaction, 
amine exchange, has been reported It seems reasonable to believe that chelate 
exchange, MCh„ n HCh' MCh,,' ; /; HCh, which is displacement of a chelate 
Irom the co-ordination sphere of a metal ion by another chelate, might be less subject 
to these side reactions and would be a usclul prepaiativc method 

The preparation of /^kctoiininc-mctal compounds by chchite exchange seems 
never to have been reported However, chelate exchange has been used to piepare 
co-ordination polymers (e g , by leaction of a metal acctylacetonatc and a bis-(/^^- 
clikctonc),‘'’N’oppcr(ll)derivati\esofsalicylaldimines ind /)'-dikcto .es <'9 and “mixed ’ 
/I'-dicarbonyl compounds, Cu(RCOCHCOR')(R"COCHCOR'") 

LXPI RIMLNTAI + 

Pi L'pauiiioii oj lii^'diuh aiui nu lal (he/afe coiiipoKruis Unic'ss estherwisc noted ihe preparauon and 
properties of the ligands and mclal-chtlale compounds are desciibcd eKcw here." Hi\{\-plu inlA- 
i'iiiiHil)nia)ic'-\-ono)i^oppcr(\\) was picpared accoiding to the diicclions given bv Hoii/rL4w and 
coworktis The ligand was puiilied by recryslallizalion Irom 9s per cent ethanol (65 per cent 
Vicld, m p 141-143 , reported,'"’ 143 ), and the mct.d-cUclate compound was iccivslallired Irom 
leelone (nearly quantitative yield), liglii green ci\sials, m p liS8-l90 (lound C 62 08 H, 5 29 
' ale lor C ,ol b„(),N.Cu C. 62 60 H, 5 22 '’„) 

IUs[l'f-{n-hul\’l)\dlic \kihliinido\iuitaUII) conipoinuls The copp<i[liy iiliki'HII)' ', and zind 11)""' 

* taken in p.irt Irom the H S 1 hesis of Ailhur W Suuss August 1962 I mvcrsitv ol Illinois 
t All microanalyses were performed undci the diicciioii of Mi .1 NTmuh 
"I) F Martin, G A Janlisonis ,ind B B Mariin J 4tm/ Chun S<h 8,3 '3(|46i) 

''19 r Mariin, C/ii’ui Sri No 97 192(19631 

J MrCARtHY R J Hoviv K Lino and A I Mvkihi / Umi Chun Sa< 77, 5820 
(1955) 

"I P CoiLMAN anci h T kli u i man, ///oig C'hcni 1,499(1962) 

‘f H Hoi SI, Doctoral I9isserl ition The Pciinsvlvama Stale linivcrsnv ( 1955) 

Muro, A,/7/r,w AagiMi/Aodu 76, 2-S2(19S5), r/u-m \hd, 51. 17559 (1957) 

IS MtxiRr and M W Yoi ni, / Ctuni Sm 2694(1932) 

H F HoLrzriAW, Ir , J P CouvivNandR M AnRi.7 Amu Chun Soc 80, 1100 (1958) 

' 1^ Li Charifs, J Org Chc/n 22 , 677 (1957) 

""l^ O Charles, y //wig A/W Chun 9, 145(1959) 
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compounds were prepared as dtseribed Chari i s The observed melting points (79-81', 
178-140 , 151-152 ) were in agreement with those reported (80 5-81', 141 8-142 4", 152-152 5 ) 
The (ohaimi) compound was prepared similarly except that healing was not required and oxygen- 
free water was used A nitiogen atmosphere was maintained during the preparation and recrysial- 
lization ot the compound In this way, red needles were obtained, m p 151-153' (from acetone), 
75 per cent yield (Found C, 63 61, H, 6 85 Calc for CjaH .sO.NaCo C, 64 20, H, 6 81 “„) 

Clieldte-exchcin^e leactiims Two general methods weic used in attempted chelale-exchangt 
reactions Afcthnd A consisted in mixing and heating solutions (alcohol or benzene usually) ol a 
/1-kcioiminc metal compound and another y>-ketoimine The product was piecipitalcd by addition 
ot watei (it alcoholic solutions were used) or pctioleum ether (benzene solution) The pioducts 
were identified by comparison with authentic samples Maheui B was similar except that the soiiicc 
of the metal was the N-(n-butyl)-salicylaldimine metal compound In all cases, stoicheiomelric 
amounts of reactants weic used 

Piepmation oj his-0-pheiivhniino-\-phenylbuicine-\-oiio)coppci(U), [C|iH,COCHC( NC\,11 )- 
CH|]jCu B\ <hihite e\chan^t A solution of bis(4-iminopcntdne-2-ono)coppcr(II) (1 3 g, 0 005 
mole) and 3-phcnylimino-l-phenvlbulane-l-onc(2 37 g, 0 01 mole), in 75 ml of 95 per cent ethanol 
was refluxed for 1 hr, during which time a dark precipitate formed 1 he mixture was cooled m an 
ice -water bath, and 1 6 g ot crystals wcie collected by (iltration An additional 0 8 g of ciystals were 
obtained by adding water to the hot filtrate until crystals began to form Rccrystalli/ation of the 
crude material from 95 per cent ethanol alTordcd 1 73 g (64 5 per cent) of green platelets, m p 
180-182' (Found C, 71 58, H, 5 17, N, 5 30 Calc for C3Tlj,0,N_X u C, 71 70, H, 5 23, 
N, 5 23°„) 

Atleiiiptcd prcpamnon by Jiicrt •tymhesn To a solution ol CutNO,). 314^0(0 25 g, 1 mmole) in 
5 ml ot 95 per cent ethanol was added five drops of 15 N ammonium hydroxide lollowcd by a waim 
solution of ligand (0 24 g, 1 mmole) in 10 ml (>f 95 per cent ethanol The lustrous green platcleis 
that formed at once were collected (yield ca 0 3 g) m p 174-176 (Found C, 63 42. H, 5 3| , 
N, 8 04, Calc for [C„H,C()CHC( NHlCHjl.Cu C, 62 48, H, 5 25, N, 7 33“-,,) This compound 
differs slightly in colour and melting point fiom an authentic sample (prepared by the method ol 
HoiT/ct AW However, the infra-red absorption spectra (Nujol-hexachlorobutadiene mulls) aic 
identical 

Isolation of a ‘ iiiiu’d” iiicial-thelaie compound A solution of bis(4-iminopcntane-2-ono)coppi.r 
(II) (1 3 g, 0 005 mole) and 4-phenylimmopcntane-2-one (I 75 g, 0 01 mole) in 50 ml of methanol 
was refluxed for 2 hr Water was added to the hot mixture to initiate crystallization, the mixtuic was 
allowed to cool, and gray needles, 1 5 g (89 5 pci cent), m p 90-91 , were collected by hllralion 
(Found C, 55 95, H, 5 99, N, 7 96 Calc foi [CH,COCHC( NH)CH,][CH 3 C( NC„H,)( IK - 
OCHj]Cu C, 57 30, H, 5 96, N, 8 35%) A solution of “mixed” chelate (1 5 g, 0 0057 mole) and 
4-phenyhminopentane-2-one (I 0 g, 0 0057 mole) in 30 ml of 95 per cent ethanol was refluxed lor 
2 hr Water was added to the hot solution to initiate crystallization, 0 8 g (43 percent) ol biown 
platelets, m p 131-133’, were obtained by filtration (Found C, 63 61 , H, 606, N, 7 10 Calc 
for [CHaCf =NC8H,)CHC0CH JjCu C, 64 08, H, 5 83, N, 6 80%) 

DISCUSSION 

The results of attempts to effect chelate exchange arc listed in Table 1 For con- 
venience and to indicate the scope of the reaction, the results have been arranged m 
four sections according to the structure of the reactant and product * 

There are four advantages m the use of chelate exchange as a means of prepanny 
metal-/l-ketoimine compounds (1) side reactions are avoided, (2) contamination ' i 
the product by extraneous ions is minimized, (3) the operations are facile, and (4) 'i 
IS possible to prepare “mixed” complexes of the type MChCh' There are two d. - 
advantages (1) the exchange equilibrium may be unfavourable, and (2) a less sem'"^ 
objection, the method requires an additional, though readily prepared, metal-chd i ^ 

* A “iDonocyclit” metal chelate compound is formed from a bidentate chelate and a metal i' ' 
a “tricyclic” metal-chelate compound is formed from a quadridentate ligand and a metal ion 
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Fahi I I — Pki I’AKATION ()i c OMP'iusDs oi inr ivi'i [RCOCHCl NR iR"],M by 
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■> 

15 

0 

Co 


4 

0 


R’ 


CH, 

CH, 

CH, 

CH, 

CH, 

CH, 

tH, 

CH, 
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inine-nietal compound ' /i-kcloiminc 
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’ Reference (IT) 100 per cent excess of ligand used ONNi C M iQ H,6 41”„ 

"Mp 139-143^’ Found, C, 49 55, H. 674. Calc lo.C„H„CTN,Ni , 

Starting material [C„H,COC HC( NH)C H,1,C u 

^ Starling material Ci4[CH,COCHC(CH,) 
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compound as a starting reagent The favourable and iinfavoiirable aspects of chelate 
exchange deserve a more detailed consideration 

The prepaiation ot [C,,HrjCOCHC( NC,,H-)CH}],Cii represents a good example 
ot the mam utility of chelate exchange, the avoidance of side leactions Since the rate 
of hydiolysis of p’-ketoimines is much lower m basic than acidic medium, most direct 
methods ol preparation ol metal /MwCtoimincs involve the addition ot base, frequently 
ammonium hjdi ovide Although hydiolysis is minimized by the presence ol ammonia, 
amine exchange'-' can occur and apparently does in the attempted preparation 

2C,,H,COCH,C( NQHOCII, Cir , 2NHj 

[CJt,COCHC( NH)CH,]_,Cu | 2CfilI.,NHj 

By contiast, chelate exchange occiiis readily and in fairly good yield 

Jt might also be noted that direct synthesis of necessity involves the addition ot 
extraneous anions to the reaction mixture which may cause contamination ot the 
desired prcsduct and increase the protilcm of sepaiatmg and puritying the product 
For this reason, co-oidinating anions such as chloride, bromide and iodide are ex- 
cluded and acetate or nitiate salts arc used tven this may not be suflicicnt For 
example, under suitable conditions, copper acetate is an oxicii/ing agent and coppei 
nitiate is a nitrating agent Moreover, if a sccondaiy or tertiary amine, such as 
pyridine, IS used to prevent hydrolysis and picclude amine exchange, the possibility ol 
contamination remains Pyridine reacts with nickel acctylacetonafe,'’” and there is 
reason to believe that the same is tiue ot certain nickcl(ll)/i-keloimmc compounds 
By contrast there are appreciably fewer species present in a chelate exchange process, 
and tile mam contaminant is the weakly chelating agent which is toimed 

The most serious limitation of chelate exchange as a synthetic method is the ic- 
quiicmcnl of a favourable equilibrium For example, the Incychc compoiiiul 
bisacety]acetonetiimcthylencdiiminocopper(ll), could not be prepared by mcaii' i l 
chelate cxch.ingc 

(monocyclic -> ti icychc) - 

Cu[CHiCOCHC( NHJCH,], [CU ,CGCH^C(C|-( ,) NCHJ.CH, ► 

Cu[CH,COCHC(CH,) NCHJ.CH , 4 2CH,COCH,C( NH)CII 

This was surprising since the tricyclic compound was presumed to be more stabt 
However, the reverse reaction (tricyclic monotvchc) occurs readily That this i 
not due to the greater insolubility of bis(4-Mninopentane-2-ono)coppcr(ll) is cm - 
firmed by qualitative measurements of the solubility of the two metal chelate coiU 
pounds under condition u'cd for isolation (50 volume percent ethanol-water and 0 ( ' 
the solubility of the tricyclic compound is about 2 10 “ mole 1 ', that of the mon 

cyclic compound is 10 ^ 10^^ 

There arc other examples in which solubility rather than stability is impoila ’> 
When the product and reactant mclal-chclatc compounds differ but little in stabdi' 
it may be expected that exchange will not occur unless governed by solubility or tl * 
an intermediate, MChCh', will be formed An example of the latter behaviour is ' 

r/ J P Fackclr, Jr , y Anter Chem Soc 84,24 (1962) 

"*’E J Ocs/rwsKi, Private communication (1962) 
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reaction of bis{4-)minopentcinc-2-onolcopper(lI ) with 4-phenyIiminopcntdne-2-onc 
In this case, it was possible to isolate the intermediate, [CHjC( -NH)CHCOCHj] 
[CH )C( — NC,,H 5 )CHCOCH,,]Cii, and to convert this to the bis(4-pbenyliminopc‘n- 
tanc-2-ono)copper( II ) by chelate exchange Thus, chelate exchange appears to offer 
a synthetic route to “mixed" compounds provided the proper chelates are selected 
There are a number of examples of lailurcof chelate exchange using stoicheio- 
mctric amoujits of reactants 1 v\o approaches have been used in cirder to overcome 
these difficulties The first is the use ot an excess ot ligand, the second, the use of a 
less stable metal-chelate compound as a reactant I he use oi excess ligand has been 
successful m the preparation of [C^H.,COCHC( NC,,H ,CH ,]>Ni 

The use of a higher boiling solvent (toluene for bcn/cne) was not suecessful, but 
Hsrii has found that the use of a 100 per cent excess of ligand results m the desired 
compound The use of <in excess of ligand introduces a problem of separation, 
paiticulaily with slightly soluble ligands However this may not be a serious objection 
since chelate exchange is oltcn the only method that has been found to prepare the 
desired compounds 

Preliminary efforts to prepare cobdlt(ll) or 7inc(II) compounds by chelate 
exchange have not been successful However, other workers have experienced diffi- 
culties in preparing these compounds by direct methods A pure sample of bisacetyl- 
acetonc-cthylcneduminocobalt(II) has not been prepared''’* though other cobalt(ll) 
salts were prepared The failure to prepare p'-ketoimme-/mc(l I) compounds by 
reaction of zinc hydroxide and a /(-kcloimine has been reported On the other 
hand, the preparation ot bisacctylacetone-cthylencdiimino/inc (II) iias been reported, 
but experimental details were not given 

In summary, chelate exchange can be a veiy iisetul mctliod lo'' the prep.itation ot 
coppor(ll) and nickcT(ll) /j'-kctoiminc compounds It should be possible to use the 
general method for the preparation ol p’-kctoimmcs o1 other metals 

'fc k iioH fill III This iiivcsligiilion vv.is suppoilcd in put by PHS Rvsv.iKh (ir.inl 7iS7^ Division 

of (icncr.il Medical Sciences \J S Public Heallh Scivice This is icKnowlcdgcd vMih grauiucle ,is is 
the support provided lo one ol us (A W S ) hv a N.iiiond Science Foundalion I ndergraduale 
Participalion Progi.im gr.uil 

'"T M llsiu, D f MxRiiNand t Moi 1 1 1 R Inoii; C/'C'" 2 5S7(IOOt) 

R I Hovis.J J OC'oNMii and A t Mvrihi J -tiiiu Clhiii S<r «l,MSy(iyS4) 

' ’1 Iivimum ,uid C S Gvrmr J 4iiui CIhiii Six 71 , S7i(|y4V) 
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THERMAL DECOMPOSITION OF EUROPlUM(lll) 

OXALATE 

A Glasner, E Levy and M Steinberg 
D epartment of Fndiganic and Analytical Chemistry, Hebrew University, 
Jerusalem, Israel 

{Received 11 Ichniary 1963) 


Abstract -It is shown that the lirst step in the thermal decomposition of europium(III) oxalate leads 
to reduction to the divalent stale In an oxidizing atmessphere the europium is reoxidized and continues 
decomposing gradually to Uii.O, at 390 In an atmosphere ol CO,, Lu(ll) Ox is stabilized at 320 
In vacuum, t u(II)COt admixed with caibon (originating in disproportionation of CO) is obtained in 
the temperature range 160 420 

A unilicd mechanism tor the decomposition id oxalates is proposed, in which a trace ol carbon 
monoxide acts as catalytic agent in the rcduclisc decomposition of oxalates of reducible metal ions 

Furopic oxalate diffc'is in its thermal behaviour from the other light rare earth 
oxalates,*' because of the reducibihty of the europie ion Indeed, it appears that the 
high propoition of carbon dioxide evolved on heating EutllD.Oxj in vacuum can be 
explained only by assuming the leactioii 

EuX)x, -►2ruOx ' 2C(), (1) 

to have taken place A niimbei of other oxalates, for example sihei.*** nickel*" 
fc'iric*" and plumbous**'' oxalate arc known to behave in a simiLat tashion the cation 
bviiig icduccd either to the metal oi to a lowci valence state 

The singulaiity ot f u^Oxj has been noted by cailier workers using the thermo- 
gidvimetiie and dincienti.il tlieimal analysis methods *‘ thus WrMu anoi ct a! 
observed a high and wide exotheimic peak on Ihcii DTA ctiivc at about 190' They 
suggest that this strongly pronounced peak is due to oxidation but ate unable to 
oiler any explanation for its picsence 

The picsent work proves reaction (1 ) to be the imti.il step m the theimal decompo- 
sition of Eu.Oxt This step is followed b\ the tlccomposiiion ol euiopous oxalate to 
the caibonatc accompanied bv an extensive dispioportionation ot the evolving 
caihon monoxide A complication sets in at this stage so that the successive steps ot 
the icaction cannot be cle.ii ly detmed, divalent cuiopium being leoxidi/ed in air tev the 

"A GiASNiRandM Stunbuic,, J tnoi" \iicl (luni 1(>. 279 ( 1961 ) 

' A Glasntr and M Stiindirci, I Inof^ x'l/c/ Hum 22, 39(19621 

"A I INI II, P W M Jacohs and I- C IovirmnsJ (hem \>( 2033 (I9S4) 

" f* W M Jacobs and A R 1 ariq K.i'Hi isiiv I’loiccdimy. o/ rhe Ai'i Inrcitianomil 'iimpinwm on 
Kciiclirily of Soluh p 332 llscxici Anislc'i dam ( 1060) /mm litt(idii\ Soi 58, 351tl%2) 

' J B Holoin, Ji , 4/)s/) ,23,62(1962) 

L L Birc UMSttAW and I IIVRRis.y Chem Soi 1637 (1939), ia9<S(I94R| 

"W W WiNDiANm dnohr Chem 30.38 (1958), 31,408 (1939) 

'“’W w Wenolanoi T D Giori.i and G R Horion j l,u»i; ^ltcl (hem 17.273 (1961) 

E C Shtars, 7/0/0 Bril inam 5</c 61 , 223 (1962) 
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Icivaltnt slatL, and e\en in \ai.iium oi an ineit atmosphere, oxidation by carbon 
dioxide exoixina (lom the decomposing carbonate, takes place at highei tempeiatmes 

LXPt KIM I NTAL 

Mall. I nils 

f ii_()' I 's SH_0 v\,ii pri, pa led )i nm I he oMile ( Lindsay, ( ode lOlt, 99 9 pui ily ) by piccipiialion 
vsiiii sati,raud oxalic .icid solution I lom a nili il acal solulion (1 N ) ol the oxide T he precipil,itc uas 
washed with warm waki ,ind kepi m an cvacualetl desiccaUn ovci Itoiible analysis, ic 

lenilion at lOtlO C in air and liti ilmn wilh standard pel manganale, proved the oxalate lo have 'he 
eomposilion ini.1 water content iikiieated above 

A poilion ot tins piepaialion w.is dehvdialed bv healing in vaetiiini al 209 C, foi tO mm Alter 
eondei.salion ot the watei \apoiii in acetone di\-iee eold tiaps no rise ol piessiiie in the vaeiiiim 
appal .lilts was obseis ible .iiid hetlec no initial decomposition ol the oxalate ilsell had taken place 
I he elehvdi lied s.iiiiple still leljiiied some ol its walei ol eiystallizalion, having the composition 

1 u,()x,0 

Oeee'iiiposition expctimenls in atmosphe'ies ol air, oxygen, nilri'geil oi eaibon dioxide weie 
peilormed with hydialed oxalate samples vveightne, >0 tOO mg, m the lempeialtiie lange 280 420 t 
1 he weighed samples weie introdiiced into a tubiilai oven which h.id been healed lo the iet]Liiied 
tempeMltiie and thiotigh which .i eonsiani tiiiieni ol pine g.is, d/ied ovei anlivdione, was .illowetl 
lo How 1 aeh lull was eoniimied lor 24 hi, this length of lime having been loiintl sullieient, as a rule, 
to obtain a lesidue ot eonstaiU weight 

A spot-test with leriie ihioeyanate was employed to piove the piesenee of divalent europium in 
the- re'sidues 

In oidei lo eleleiminc the amount ot eaibonate picsent in the icsidues, weiglted poilions weie 
allowed to react with phosphoiic acid, and the evolving eat bon dioxide vvisdiiven ovei by aeuiien! 
of puie nitrogen and ibsorbe'd m weighed aseaiile lubes 

Qualitative information on (he content of oxalate and/oi eaibonate of the lesidues was also 
ttblaincd fiom the infi.i-icvl speelia, taken by the KBi inelhod 

The tipparaUis and methods employed in the study ol the theimal decompositions m vacuum 
have alieady been dcseiibed Dehydrated samples ol LUiQx, weighing 5 H mg were used in the 
lempeialure range 120 420 C A few experiments were also canted out at temperatures above 500 
That the evtilvmg gases eontaiiied onlv eaibon monoxide* anti caibon dioxide was in some nisiaiiees 
ascertained by oxidi/mg the ('O with l_0„"" when all llic gases m Ihe apparatus could be condense tl 
out m a liquid air trap 


RLSULTS 

(a) Resuhs m lanaus cUnio'^phcies 

The' results obldined m various atmosphcies ate picsented m Table I , which shows 
the weight of the sample, the loss of weight m percentages after heating for 24 hi 
the reducing power, the weight per cent of CO^ in the residue, its coloui and the 
composition of the residue The last column was deduced by compaiing the 
expetimental values in Table I with the corresponding calculated values lor vaiioL'i 
intermediary decomposition products recorded in Table 2 

In most experiments the samples were placed m a porcelain boat, in a few instance' 
a platinum boat was used as indicated in the table It may be seen that results wvi 
faiily reproducible, and were not influenced by the container 

The residues obtained m an inert atmosphere (N^ or CO,^) reduced ferric iio" 
while the decomposition products formed in air or oxygen did not do so This Le 
suggests that the former contain curopous compounds, but the cause of the deciea 

M N AMimoyHii and r I Luc iinikova, Rate earf/i e/e'/w/its p 201 The Aeadcmy of Seienv> 
USSR (1959) 

"" M SrtiNBrRc,, A Gi asixilr anti L Liw, Aimivi Cheiti 34, 1629 (1962) 



The systems NaCl CrCIj and KCI-CrCl; 
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(T^aic 171 p — r„ ^ as the ordinate in Fig 4, the abscissa is m p ) ^ * 

Agreement between predicted and observed liquidus temperatures prevails to more 
than 100° below the pure MCI melting points for both the NaCI- and KCI CrCI, 
systems 

Cr-' has less charge density and crystal field stabilization than Cr^ and should 
form less stable complex ionic species m chloride melts This is indicated in Fig 4 by 
the NaCl-CrCl^ liquidus data*'*’* which exhibit substantial negative deviations from 
ideality without, however, pointing to a specific complex species 

(loi j (j SuiLol-F, y Ph)s Cheiii 64, 1566 (1960) 

4(kiioyilcJ!femenfh~Thc author wishes to thank Mr G Gorsucu for experimental assistance and 
Cl TruriR for aid in interpretation of the X-ray patterns 
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. IN RlSIDLl 

FOR 




|■Krm\|^l INIIKMIDIXKX I’KODK IS 





Wl 



V\l 


t omposiiion 

loss ("„) 

t'o, (■’„ 

) C omposiiion 

loss ( "„) 

("„) 

1 n ,Ox , 


|5 5 

00 

In O, 

97 6 

0 0 

( t ii()\)jO 

26 2 

0 0 

2 1 iiOx 

2.S (1 

0 0 

1 n_(tO,), 

2S 0 

27 4 

2 1 lit O, 

4(1 9 

20 4 

(1 uC0,).0 

34 5 

20 0 

i 11 () t (), 

44 4 

1 1 5 

(fuO),( O, 

41 1 

II 1 

2 1 iiO 

sO 0 

0 0 


thtir icdiiLing power with iiKieascol tenipeuiuie is not eleai tlie\ iiiav ha\o been 
osidized in an after reniosal lioni the o\en 

In an atmosphere of CO^ at T20 the weight loss (?S6 pei sent) eoiresponds 
-saetly to the foiinatioii of I u(ll)0\ 

I iij()\, >-2luO\ 2CO, (1) 

I his conelusion is neatly eonfiinied by the infia-ied speetiiim of the residue, where 
"nly adsorption bands due to the oxalate ion max be obsened (fig I cuive I) 

That (I ) IS the hrst step in the thcimal decomposition in an also max be concluded 
lioni the expeiimcnt at 280 Ihe weight loss is ne.ulv equal to that expected for 
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WAVE LENOTH IN MICRONS 

t Kj 1 Inlui-rcd spectra uf residues obtained on heating L iiiOe, 5 8H ,0 at the 
temperatures and in the atmuspheies indicated on each cliivc (Eor suggested com- 
position see Tabic 1 ) 

cillicr Eu_,(C(),), or EuO\, but the very lc)w por cent of CO, in the non-icdiictnc 
icsiJiic (I 9 per cent) indicates the choice of the lattei, reaction (1) being followed bv 
air OMdation and an initial decomposition to the carbonate 

4EuO\ ^ Oj )-2(EuOx)jO (2) 

and 

(FuOx)P >(EuCO,)P ' 2CO (^1 

At 320 reaction (3) was almost completed and the residue contained 18 8",, iO 
(theoictical 20"Q Fig 1, curve 2 shows the mfia-rcd absorption of the caibonai 
(with only lemnants of the oxalate) m the residue obtained from the parallel cxpcn 
ment at 320’ in an atmosphere of oxygen 

At 360 in an alinosphcrc of air or oxygen, another intermediary oxycarbonah 
(EuO)^>CO,, was obtained (see Eig 1 , curve 3), and at 390'" the white oxide Eli/), w 
formed 

In an atmosphere of nitrogen the oxidation step (2) was missing, and the sequen 
of decomposition reactions seemed to proceed at a somewhat slower latc Eii( < 
(see F’lg J, curve 4), Eu/3 COjand EiiO weic the main products at 320“, 360 ’and 
respectively 

Carbon dioxide retarded the decomposition of the oxalate as well as that of i 
carbonate The composition of the residues of ignitions in carbon dioxide wc^ 
EuOx, EuCOj (see Fig 1, curve 5), Eua O COj and EuO (V at 320°, 360°, 390 -n ' 



Thermal dctomposition ofcuropium(IM) oxalate 
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420 respectively The colouration of the rcsitliics indicates that the thermal de- 
composition of europium oxalate to the carbonate i-, attended with disproportionation 
erf the evolving carbon monoxide, as in the case of all otliei oxalates 

Lastly, the appearance of a transmission peak at 4 2-4 3 u in the infra-red spectra 
of all decomposition residues which were known to contain the europous ion is 
remarkable 


(b) Decomposition (lines in mi mini 

The curves in vacuum aie shown in Fig 2 For ihe sake of comparison, the 
pressuics were plotted as calculated foi standard samples weighing 6 mg each The 
paitial pressures of CO and CO> esoKed on heating at the tempeiatures and for 
ihe times indicated arc recorded in Table 3 These \alue> are given in peicentages of the 
expected pressures if each mole ofcuiopiiini(lil) oxalate were to yield 3 moles of CO 
and 3 moles of COj on decomposition The total \ohime ol the vacuum apparatus 
was 4754 ml, hence a 10 mg sample should give partial pressures equal to 203 mii at 
loom tempeiatuic (20 C) 



time in minutes 

r 1G 2 - Decomposition curses ol \ uD \ , m sacuum (picssvircs vscrc sumdault/ed lor 

(i nig sample's) 


The ratio of CO,/CO ( R') evolved iii shoit limes as may be seen m Table 3 is 

moie than thiec. decieasmg after 24 hr to ncailv two This is in accoid with the 
icducmg power of the lesidues and willi the .is'umption tliat (1) is the Inst an mam 
icaction Lu.Ox, >■ 21 uO\ 2(. Oj 0) 

Ihe oiigin of CO is leactioii (4), pioceedmg sinuiltaneouslv wiih (I) at a slower rale, 
and being completed much latci 

FuOx -FuCO, CO (4) 

Aiiv other sequence of reactions m which decomposition to an oxvcaibonate 
oxide IS the last step would with time have caused an me i ease in the pioportion of CO, 
It also appears on compaimg ihe latios R for shoit i iics at increasing tempera 
"ires that the temperature coenkicnt for reaction (1) is somewhat gieater than that for 
■taction (4) Values of R\ as well as the decomposition lates, are poorlv leproducible. 
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T \ni I 1 Pariiai pkfssuris oi CO and C Oj ivoi vhD on htatinc. Eli .Ox, in 
VACUUM LXPRISSHJ IN MOII PI R { FNT 



Sample 

T line of 



Nil infia-red* 

c 

wl (mg) 

healing 

CO,("„) 

CO (“„) 

speetrum 

120 

6 2S 

10 mm 

31 1 

9 9 

1 


7 12 

60 mm 

40 4 

116 



(, 12 

21 hr 

58 2 

27 0 

2 


6 18 

24 hr 

59 0 

25 5 


100 

5 08 

10 min 

51 1 

16 5 



6 27 

60 mm 

51 5 

15 9 



6 96 

24 hr 

74 9 

14 4 



6 IX 

24 hi 

82 1 

16 7 

5 

175 

5 71 

10 mm 

55 1 

164 



5 12 

60 mm 

69 7 

21 6 

3 

W)l 

5 25 

60 mm 

74 7 

20 8 

4 


7 16 

60 mm 

55 4 

190 



6 12 

21 hr 

86 1 

38 4 



6 11 

24 hi 

88 2 

28 4 

6 

420 

7 79 

10 mm 

66 4 

24 7 



6 40 

22 hr 

82 ! 

19 9 

7 


♦ See I ig 3 


the cvpenmental inconsistency being probably connected with the liming of reaction 
(4), I c the stage of reaction (1) at which (4) sets in 

Further, one may conclude that reaction (4) is accompanied by dispropoitionation 
of CO 2CO >■ COj C (5). whenever 66 7 '’,,CO Foi CKample, m 

the case of the last cxpeiiment recorded in the table, at 420 66 7 39 9 26 8",, CO 

underwent dispropoitionation Adding half of tins value to the 65 7", j CO^ from 
reaction (1), one obtains 80 1",, CO^, in fairly good agreement with the measiiicd 
result Disproportionation is also indicated by the brown colouration ol the residues 

Thus in the temperature range 360 -420 , EtidDCO, (admixed with some carbon) 
was foimcd after prolonged heating, but at 320' a tendency to the formation of the 
carboiiato-oxalate Eu_,0\C03 may be assumed, neither of the two reactions having 
been completed after heating for 23 hr 

The infia-rcd spectra (sec Fig 3) of the residues conform qualitatively to tin- 
above conclusions For pui poses of identification, the numbering given in Fig 3 
appears in the last column of Tabic 3 On spectrum No 1 (320'‘. .30 mm) the piesciicc 
of the small amount of carbonate is inappreciable, and only the absorption bands (V 
the oxalate are visible In spectra Nos 2 and 3 (320'’ and 375 ) the absorption hand 
of the oxalate still preponderate, and No 4 (391' ) indicates a mixture of the iw 
anions, in spite of the high percentage of CO, that has evolved Spectra Nos 5 and n 
(360’ and 39E , 24 hr) show only traces of the oxalate ion, and No 7 (420") is that ol 
pure carbonate 

The stability of EUCO3 in vacuum compared to its instability in an atmosphere i 
CO2 is remarkable This anomaly was earlier observed m our study on the Iheim. 
decomposition of yttrium oxalate”'-^* and was attributed to the stabilization of i' 
carbonate by the carbon deposited from disproportionation, probably forming 
complex caibonaccous anion 
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I !<■ ^ Inira-icd spectia ol icsiJiiss <’lilaintd on hcwliP" I'UjOx , 111 V,' mm TLinpei- 
atiiies and time ol heating lie shown m Table 3 

On hcdting a residue ol [;u(ll)C()^ (obtained in \aeiiuni as abo\e) at a tcmpcratuie 
above 500’. tbe gas e\ol\cd is mostly CO and the ratio R' is reveised 

An example of decomposition of I ii/)\, at high tempcratuics is gi\en in fable 4 
A sample weighing 2 75 mg was heated intermittently for 24 In at each tempeiatuie 


T xm I 4 Moi 1 prK f 1 Nr ofCO xMiCO i soi \ i n on hf \ riNc, fiiTtx, in m i l m 

XT HK.II IISinrKXIl'KIS 


c 

( () i/i) 

to, (//) 

(0("„) 

" , c O, ( ", I 

500 

24 

ss 

41 0 

9s 0 

8 SO 

30 

s 

8 

9 0 

Telal 

S4 

s.s 

')() s 

104 0 

1 videnily, both the 

eiiropoiis ion 

as xxeil as 

the deposited c 

aibon arc le-oxidizcd 

decomposition of 

the disaicnt 

caibonate 

formed at the 

lower tempeiatme 


Pieparation of pure Fu(ll)CO, (to be rcpoited cisewheie), was found to e\ol\e. 
besides CO_, an appreciable amount of CO cxen at 4tX) 

nis< ussioN 

All the experimental cxidcnce without exception sho' s that the fust step in the 
deeon-iposition of Eu,Ox,,, in vacuum as well as m \anoiisatmospIicies is accompanied 

I' A Glasner. i: Livv and M Sifinhiri.,/ Iiiati' Sml (Inin 25. 1 1 l‘MI96S) 

’ I G Bercj and K A Bu/iiov, Ruwtan J Imm^anu (luni 6, lO^'- (1961) 
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by the 1 eduction of the europium to the divalent state Decomposition sets in at a 
rather low temperature (even at 250° after prolonged heating) as compared to the 
othci light rare eaith oxalates, which willdecompose<“> only above 340" The evolving 
gases are composed mainly of CO™, and Jess than 25"(, CO 

Decomposition of Cu{ll)Ox to the carbonate takes place at a vciy slow rate at 
tempei atm es above 320" The evolving CO dispropoitionates to the extent of 
of the total CO This ratio is less than the disproportionation found to occur (~-S) 
with SnijOXj and Gd/)x, Probably only that part of the CO dispioporlionatcs 
which IS evolved after the abatement of leaction (1), but not the portion evolving 
simultaneously with reaction (1) 

Puropous caibonatc (or oxalate) is oxidi/ed in a stieam of an (or oxygen) and 
soon decomposition to CujO, follows In vacuum the caibonatc is stabilized by the 
deposited caibon 

Evidently, whcnevei an oxalate decomposes, a portion of the CO is oxidi/ed to CO^, 
leaving a icduccd solid residue, reduction of the cation occuis if it is reducible, 
otheiwise a ledticcd anion is formed Hence, a undied leaction mechanism is 
suggested for all oxalate decompositions as follows 

a) Ox- CO,-- ! CO 

bl) Ox- I CO C/V’ , CO. 

The lattci leaction may be represented cTcctromcally 


bl) 


0 C 


0 (0 
c 
c 

0 0 


ol 


c 

0 C^O + c 

0 0 


Both icactions may take place to some extent at low temperatures, but the gases aie 
tiapped in the solid and do not evolve unless a critical pressure is attained, at a 
sufficiently high temperature 

If the metal is leducible, reaction b) will take a different course 
b2) Ox- CO 2 / -2CO, , CO 


b2] 


0 

C 

0 0 


~2C 


CO 

oco 


In this case, CO is reproduced in addition to two molecules of COj, hence tf 
action of CO is catalytic, and the critical decomposition pressure is attained .il > 
lower temperature This catalytic effect explains the decomposition of Eu^Ox, w< ' 
below 300°, as well as the decomposition of oth;r oxalates of reducible cations (such - 
nickel'^^ and ferric*^’ oxalate) at comparable temperatures 

The anion C^Og^ appears to be stable to heat up to ~700°, when it decompose 
evolving CO C 2 O/ ->-0- | 2CO (The possibility that reaction bl) reps'"*’ 

itself, forming 0202 '““ , should also be considered ) In air it may be oxidized W' ‘ 
evolution of COg at a lower temperature CjO/ is also resistant to the action < ' 
acids, but dissolves on heating,*' w) releasing CO 


P L Gunthfr and H Rehaac., Ber Dt'tch Chem OVi ,71 B, 1771 (1938) 
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HEATS OF FORMATION OF Pu<a„>’‘, PuCL,,,, PuOCl„„ 

AitiCKm and AmOClio * 

J FuCiiRtandB B Cunmngiiam 
D tparlmcnl of Chemistry and Lawrence Radiaiion Laboratory 
University of California 
Berkeley Cahtornia 

i RiHem'd 21 Mai eh 1963) 

\bstract -The following heats ol solunon have been measured alpha plutonium in 6 M HCl, 
138 90 ’ 09, alpha plutonium in 1 5 M IK I, 13865 07, I’uCL^^^ m 0 001 M HCIO, 

0 099 M NH,CIO„ - 31 60 - 0 35, AniCl,,^ ^ in I 5 M HCl. 30 00 0 2.’AmCI,, inOOOlM 

HCl - 33 36 0 25 kcal mole ’ rcspcclivelv 

On eomhmdtion with other thermodynamic data these results yield the following standard heats of 
loimaiion at 298 K Pu-',,,, 138 6 07 PuCIi,,, 226 8 0 7, PuOCI,,, 2197 I, 

Am-* ,ui„ -162 4 3, AmCh, ^ 249 2 3 AmOci„„ 227 6 ‘ 3, all in kcal per mole 

INTRODUC DON 

Muc II or the a\ailable thci moe'liemie'al data on the traiisuiamum elements is based on 
measuiemcnts earned out a number of yeais ago when the samples of these materials 
wcie very small and often madeejuately ehaiaetei ized as to eiyslallogiaphic homo- 
geneity or ehcmieal puiity Beeause of the now increased availability of some of 

these elements in highly purihod foim a renteasun menl of va!„os seems desirable 
foi evLamplo, the only published value for the heat of solution of plutonium ntelal is 
that of Wfsirum and Roiiinson"’ who repotted 141 64 ' 02 kcal mol ’ m 6 M 
HCl How'ever, owing to the early date at whic'h these measuiemcnts were c.uiied out 
no statentent could bo made eonecimng the .tilolropic form of the metal used Since 
plutonium metal is now' known to exist m six distinct crystallogiaphic foims, some of 
winch may be stabilized by lelalively minoi amounts ol impuiilies and since the heats 
of transition fiom the alpha to epsilon phases sum to 1 7 kcal mol ^ th; prcxiously 
I sported value could be in error by neatly 2 kcal 

Again, the present values for the heats of foimation of Am AmCI)^ and 

AmOCIj,) assume the hc\it of solution of AinCI, to be ihc same as that of PuCI^ 
without experimental veiification 

The piesent papei repoits a mcasuicmcnl of tlie heal c^t solution o, Inghly 
piinlicd alpha plutomiim (kindly gixcn to us by the Los Alanio-. Scientilic Labort- 
bny) in both 6 M and 1 5 M HCl as well as the heats of solution of PuCl. ^ in 
0099 M NH,ClO,-0tX)l M HCIO4 and of AmCI, , m 1 5M and 0 001 M MCI 

* This work was done under the .tuspices ol the United States Atomic 1 uergs Commission 

' Chercheur i ITnstuul Inlcriini'crsiiairc dcs Sciences Nudcaircs Helgnini .vliich provided 
part of the financial support ol this author Present Addicss Luiiversite dc Liege Laboraioire 
3 biniic Nucldaire, 2, Rue A Sievart Liege, Belgium 

“ b F WrsrRUM Jr and H P Rorinson Radioihtmual Siiidn^ The Tnmswnmum Elenwus 
O'dited by G T Sfaboro J 1 Kmz and W M Mvnnin.,) NNLS Plutonium Projc'ct 
Record Div IV, Vol I4B, p 914 McCiraw-Hill Book Companv II949) 
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Malciials 


LXPt RIMr NTAL 


Phitomuni metal Abdiil 2 g of plulonmm v\eri; lurnislictl by Lo-i Alamos VM(h Ihc ulcnlifyinn 
designation ‘ A t C 427-SAN-«)00- 1 1 , HOO 572I24-PMR-22'’ The sample was in the form ot a 
single’ piece of mclal and was labeled as the alpha (monoe'lmie) foim The X-iay diffraction pattern 
obtained by iis lioin a sinall piece ol the sample' was consistent with the data'-’ leporied lor the 
slrnetuic ol alpha plutonium As a tuilher check on the structure a density dclei mination was 
eained out on Ihc mam piece I he density was loiind to be 19 8 d 2 g cm ' m good agreemeiit 
with the bulk density value ol 19 61 gem Kpeiricd"’ lot the alpha lorm 

The chemical puiily ol the metal as determined at Less Alameis, is indicated by the data listed in 
Table 1 


Tahli 1 -Anmssisoi iiie.ii noKin ali’Ha nru ii )s.ii m 





(leviilts 

expiossed m p p m ) 



1 1 

0 2 

Si 

10 Bi 

1 

B 

0 5 

W 

40 1 

Be 

0 t 

Pb 

2 Co 

10 

r 

2 

/r 

5 

Na 

U) 

Co 

2 7n 

10 

Ni 

20 

T h 

40 

Ca 

10 

C 1 

10 C 

40 

U 

25 

Mg 

5 

Al 

25 

Mn 

1 O 

50 

Am 

0 044 

Pu 

99 98 

1 a 

10 

Sn 

1 1-e 

45 

Ta 

15 



Note 

T he lumibets 

leillowing 

‘ ' arc 

limits ol deteelion 




Because of Ihc cslieme haidiiess ol alpha plutesnium we found it necessary tei Iraelure, lathcr 
than cut the large piece to obtain samples lor ealoiimctcr rims This was done by wrapping the piece 
m tungsicn feiil and applying pressure I he smaller pieces were inspeeicd mieioscopieally lor cleanli- 
ness bcfoie weighing on a quartz fibre torsion balancclRodder Model I Microtech Services Company 
Berkeley, California) sensitive to ~0 05 /ig 

The samples weic weighed m air and were then sealed into pyiex caloiiineter bulbs m a dry aigon 
atmosphere, by heating m the neck of the bulb a pyrc\ bead coated with Apie/on W wax 

Phttoiiiuni (iiitl (iitiditium tmhIoiK/cs The starling materials were MCI solutions ol the chlorides 
purified by ion exchange These solutions were evaporated to diyness in a siream of HCI(^i sub- 
limed m vacuum and hnally grown in the lorm ol a single ti \ sial by the technique of gradient solidili 
cation from the melt, as described by CiRUtN tr at'" lor lamhanum tiichlonde Under the 
conditions described the hexagonal Irichloiides yield a single onenicd eryslal, the r-axis bcini; 
parallel to the temperature gradient of the rurnacc About 100 //g pieces ol these crystals weic 
analysed by copper spark spcctrographic emission analysis No impurities were detected* in these 
samples 

The plutonium trichloride used lor the calorinieier measurements was taken trom a single eiyst il 
grown as described and weighing about 2 5 g The AmCT, single crystal weighed about 0 7 g 

* [ imits of detection (in /ig) by this method are as (ollows 
0 01 Ag, Al, Ba, Be, Ca, Cr, hu, Le, Cia La, Mg, Mn, Mo, Nb, Se, Si, Sr Ti, Yb, Y /i 
0 05 Am, Bi, Co, Dy, I r, Cid, (ie, Hf, Ho, In, Lu, Ni, Sm. Tm, 

0 I — Ce, Nd, Np, Os, Pb, Pd, Pr, Pt, Re, Rh, Ru, Sn, Ta, TI, W, Zn , 

0 5 As, Ir, Pu, Sb, Tb, Th, U, 

1— Au, Cm, K, Na 

Barium was determined specially m its most sensitive wave’ength region Hg. Li, P, Le, Co, Rb we i 
not analysed for, nor was copper, obviously Pulse analysis showed the samples to be free of su'i 
ficant amounts of extraneous a-emitters 

(a) W H Zachariasen in “The Metal Philoiiiuni'' (Fdited by A S Cophniiirrv and W 

Miner) Chapt 10, University ol Chicago Press (1961) 

(b) F Ansei in, fhitl Chapt 1 1 

J A I IE and P G Maroon, in The Mi ta! Plutonium {^tinedhy A S Coiiinberrv and W 

Miner) Chapt 14, University of Chicago Picss (1961) 

D M Gruen, J G Conway, R D McLaughlin and B B CunninciHam, 7 Chem Ph\'' - 

1115 (1956). 
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Doc to the marked hygroseopieily of the ti ichloridcs, special care v\as taken to handle them in a 
suitably dry nitrogen alnitrspherc, pioditeed by boiling the lk|Liid and snbseejnenlly passing the gvis 
through ti trap tit near licjuid nitrogen temperatuie I he tiry nituigeii v\as introdiieed at a high flow 
I ate into ti metallic gloved box in w bieh the samples were jsrep*irctl I terns were inlioduccd by means 
of a vacuum lock I he samples (one or two pie.es) weie sealed into l>\ic\ ealorimcler bulbs of 
known volume using a Pyrex bead eoaied with Apiezern W and a hoi wiie 

I he weighings weie made to a lew mieiograms aeeuiaey on an 4111x001111 Type V M Assay 
bilaiiee r aeh gross anti tiiie weighing was repeated at least lour limes Coircetioiis weie made lor 
dinercnces in density between air and nitrogen anti the weight linally letlueetl to weight in vaetiuni 
Sohititiii'* Soliilions of HCI, HCIDj and HC lO^ NH,C1(^( weie piepaied Irom analytical grade 
icageiils The acids weie slantkirdi/ed volunieli letillv to witiiin 0 2 [ler eeiil against eonstant 
boilrng siilpliiiric aeid Solvent aeitis loi PuC ^ anti AiiiCI,| ^ weie prtMOiisly de-aeraied with 
ligoii Plutonium iiittal was dissolved in air-tree aeiti siluiaied with hydrogen file solutions 
Weie loaded and the ealoimieter assembled m a gloved btix wliith had been fliislieti with argoi lor 
seveial hours Mass analysis ol the alriiosphcre ol the box at nine of loading iiidiealed that the 
oxygen eonleiit was less than 0 02 volume per eeiit Although no oxidanon to Pu' vvas tobeexpeeted 
Liiidei the eoiitlilions eit our experiments the solui'ons vxeic elieekt d spceliopliolomcli leally, with i 
( aiy Model 14 Reeoidmg Speeiiophoiomeler t)iily tiixaleiit plutonium x\ is foyintl in the ealon- 
nietei solutions (limit o( deteelion t)l Pu' approximately 1 pereeiil) VVe also eheeked the complete- 
ness ol dissolution of pluloiiium metal m I 5 M IK I by eennilui'ing the ealorimcler solution and 
theeking lor '/-aetixitv in the niieriiseopie anteiunl ol washed solid Ksitiue No plulonium-eontaming 
solid was deleelcd 

( uhn I 

Some feat tile's ol 1 he mie roealoi line ler used loroui ineasurenienisli i\e hecndtsei ibedpicviOLisly' ' ’ 
but the insirunieiii has sinee been niotlilietl to mciease its siahililv and to eonvert it to a recording 
lllstiumetll 'lllese modltleations will be tlcseiibetl in detail elsewllele It will suffice here to state 
that It has a heat eapaeiiy ol appioximaiely eal a teinpciaiure sensitivnv ol tppioximatclv 1 
10 ' C and a thermal leak<ige modulus ol about 5 10 ■* mm ' It was llierinosiatcd at 25 05 C. 

but the steady state tempei atuie was I rom 0 I to 0 5 higher di e to radioaeiiv Iie.itmg power input 
to bridge e(e In sonic ol our measuiemenis the heat ol breakage ol the ealonnielcr bulbs was 
an important limitation on the aeeuraev ol the me •suieiiieiits 1 vpieallv this heat olleet determined 
by hreakmgsevei.il bulbs eoniaininga smallamoiint ol waiei wasiound loainouiil 10(6 3) 10 ‘ 

e.d bulb ' rills eorieetioii vv IS apphevi to all me isuiemeius In addition ilie results were eoirceied 
wlieie neeessary lor the heat ol saiui.ilion by IPOt, and H(_l..i ol the div gas enelosed initially 
111 the ealoi inietcr bulbs and lot lliesatur ttionol the hvdry'geiicvolvevlliviiii the metal In all iiicasuie- 
merits the heal e’volution was eomplete within 5 mm 

4 potential divider m the e.ihirimelei eiieiiil .illowed a evintiiiiious leetndiiig ol the ealonnielci 
eli.imbei temperature lienee the eomput.ilton ol aeetiiaie eoiieeiioiis loi ilieiinal leakage He.nt 
mputs ot the Older oi 0 2 ealoi le wcie repiodueihle to 0 1 pel eeiil I sually three or mote heal 
inputs preceded a ehemieal reaetion .md tliiee lollowed it 

As a final ehcek on the peiformaiiee ol the ealoimielei a numhci ol runs weie made on the heat 
I'l solution ol pure Mg metal 111 1 M HC’I The lesulls are given m I able 2 The avciage of these 
allies IS in leasoii.tble .igieemeiit with the liguie ol 111 522 0 041 keal dcleiiiiined on a much 

ngger scale by SiioMAtf and Hi mman'"' 

f /‘IIS aii\ilitii\ ihi’imo hiuiinn mill liiinls I’l iiioi 

In our thei inoehcniical e.tleiil.uions we have taken the ealoi le to be equal to 4 1840 absolute 

li'iiles 

Ihe limits of erior quoted lor oui experimental data ate lor the 05 pel eeiu eonhdenee interval 

• I WisiRijM, Jr and L Iviosr. / imu Cliiin S«( 74. 2045 1 1 '>x2) 

'•OS R Gunn, Rcpoii IICRI.-254I (1J54) 

R Gunn and B B (.inmnoiivm / 4m<i ( lu’"i 7M, |5(v5(|OS ) 

J Tiic.iH, I L BuRMiiandB B Cunmm.ham Repoiil4Rl uo he published) 

C H SitoMAii and I T IlentMANy Uiui (lum ‘•m 65 , I (i 2 x 1 1045 ) 
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Table 2 — Hlai oe solution or magnesium metal in t M HCl 



Weight ol sample 

Heat evolved 

3 



(I'g) 

(Cal) 

(kcal mole ') 


1 

51 97 

0 2377 

-111 20 



2 

65 85 

0 3023 

- Ill 61 



1 

84 17 

0 3846 

111 10 






Average 1 11 30 1 

0 56 


Tahlf 3 

- HfAT Ol SOI UTION Ol ALPHA PI UlONIUM MLIAL IN HCl SOI UTION 



Weight of 






sample 

Pii“ ' 

Heat evolved 



Mcdiu m 

tug) 

(M) 

(Cal) 

(kcal mole 

’) 

HC 1 1 500 M 

4')4 7 

2 587 10 ‘ 

0 2877 

1 39 0 


HCl 1 500 M 

597 5 

3 124 10 ‘ 

0 3454 

138 2 


HCl 1 500 M 

590 3 

3 087 10 ‘ 

0 3413 

138 2 


HCl 1 500 M 

901 2 

4 712 10 ' 

0 5247 

1 39 2 





Avci age 

1 38 65 

0 ■ 

MCI 6 00 M 

696 8 

3 643 10 ‘ 

0 4042 

138 7 


HCl 6 00 M 

586 6 

3 067 10 • 

0 3413 

139 1 





Avcr.ige 

1 38 90 ' 

09 


but we have not altcniptetl to letam this liinii when voinbinitig t)ur data with that ftom other soiirvvs 
for which we lake the error to be that stated by the author 

The’ heal measurements leportcd here were made at lempeiaiuie's a few leiuhs of a degiec abo\t 
298 16 K but within their limits ol error they are not distinguishable Irom 298 16 K values Heriee, 
we have treated them as sueh 

On the basis ol mass analysis data we ealeulale 2T9 II and 241 07 lespcetively for the aloi.iie 
weights of the plutonium and amerieium stocks used 

All auxiliary thermodynamic data lor which no reference is given have been taken from 
Se/cclc’ci i'aliie'i of Chemical I het mod\ mimic Piopeitie\. U S Buicau ol Standards Circular stth 
( 1952) 

RLSULTS AND DISCUSSION 

The experimentally observed heats of solution of alpha plutonium are tabulateil 
in Table 3 

Our value of -138 90 | 0 9 kcal mol' for the heat of solution of alpha phitoniui > 
metal in 6 M HCl may be compared directly with that of 141 04 | 0 2 leporlcd ' 
Westrlm and Robinson A part of the discrepancy of 2 74 kcal mole ' may ' 
explained by the fact that early microscale preparations of plutonium yielded " 
malleable metal of density ca 16, which corresponds to one of the phases h ' > 
f — all of which have a substantially higher heat content than that of the alpha pha 
If we assume Wlsirum and Robinson’s metal to have been pure epsilon, the hv 
of transformation reported by Kay*'*’ give a calculated heat content of 1 74 kcal mi'l 
above that of the alpha phase We are unable to account for the remaining > 
kilocalorie difference It is of course remarkable that Wfstrum and Robinson v ' 

"'A E Kav, The Meial Plutonium (Edited by A S Coefinberry and W M Miner) Ch.ipi 
The University of Chicago Press (1961) 
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able to obtdin such icliable results at a tunc when almost nothing was known about tlie 
properties of plutonium metal 

Our expel imental heat in 6 M HCl corresponds to the reaction 

PU(,, ,, f ~20000[HC1 8 I05HP] - . 

[PuClj 111 M20000 3)H('I 162000 H.O] | 

Neglecting the slight change m composition of the f>M HCl due to consumption 
of HCl in the dissolution of the metal and taking the relative heal content of HCl in 
6 M HCl (HCl 8 105 H^O) to be —36 81 kcal mole vve calculate the heat of forma- 
tion of PuCI, in ~2(K)00[HCI 8 105 H^O] to be 249 33 _ 0 9 kcal mole * The 
calculation also ignores the influence of very low concentiations of PuClj on the HCl 
heat content 


Tapi f 4 — 

Hfai of 

SfiLL ] ION 

OF Pl.CI ,,, 

IS OOOl M HC 1, 

0 099 NH.CIOj 

WeiglU o( 

sample 

p 

u-* 


Heat c\ol\cd 

-4/7. ,s , 

(mg) 

(M) 


(tal) 

(kcal mol ') 

t 976 

0 00 s 

1 4ty 

10 

‘ M 

0 36)7 

)1 61 

4 711 

0 00 “i 

I 7|t 

10 

' M 

04)10 

d 46 

5 727 

0 005 

2 072 

10 

‘ M 

0 S27I 

31 80 





Wcicliicd average 

3160 0 35 


WisTKL'M and Rohinson*"” measincd the heat o*' solution of'^iiCI, m vaiious 
concentrations of HC'I They lepoit values of 22 15 0 1 kcal mole ’ m6 M HCl, 

29 5 i 0 1 in 1 5 M HCl and 31 76 0 1 m 0 1 M HCl 

We have measuied the heat of solution ol PuCl,^ m 0 0131 M HCIO,--0 099 M 
NH,CIO, With the resiills shown m fable 4 

Oui value foi the heat of solution of Put 1, ^ in very dilute acid agtees with that of 
WrsiRtiM and Robinson in 0 1 M HCl well within the accuiacv of the measurements 
Wc thercfoie believe their lesults at othei HC I concentiations to be acciiiate 
I or the piocess 

PiiCI, i vHC18 105H,O PuC!,in vHCI8 105 1149 


WisiRtiM and Robinson lepoit 22 15 0 I Kcal nude ' I lom this and our metal 

data in 6 M HCl we calculate the heal ol foimaiion of PuCl,_ ^ to be 227 2 0 9 

Kcal mole ’ 


1 lom our measuiements on the hc.il t>( solution of the niclal m 1 5 M HCl and 

STRUM and Robinson's value foi the heat of solution ol PuCl ^ in 1 5 M HC 1 we 

calculate A//'’ -■'’'>6 6 0 7 kcal mole ' Wcic’hung each of the two values 

nuci, 

m proportion to the numbeis of obseivatuuis on whicli il is based gives 2^6 8 
d 7 kcal mole ’ as our best value lor the heal of loimatmn of PuCl, This value 


t WrsiRUM Jr and H P Roiiinson KculioJnmnal Snuiu ! he 1 umsmawum Lknwnts 
(l-d.tcdbyG t' StAPORC, I J Km/ and W M M vnniniO Pluioniuin Project Record NNPS, 
f>iv IV, Voll4-B. p 922 Mctiraw-HiH New '3ork (P'4‘)) 
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may be combined with the value of 20 8 i 0 7 kcal for the heat of the reaction 
PuCl 3 ,„ 1 - PuOCl,, 1 2HC1„, 

reported by Stun and Davidson'"^ to give a conected value, — 219 7 J 1 kcal 
mole for the heat of formation of I’uOCl 

( ( ) 

Extrapolation of the heat of solution data for PuCI,| ^ obtained by WtSTRUM and 
Rohinson gives (oi the heat of solution of PuCl,^^^ at infinite dilution - 31 9 | 0 2 
keal mole ' Combining our value for (he heat of formation of PuClj with (his 
datum aives for Pu*' , , A/7‘ f , J — - 138 6 li 0 7kcalmoLe“' 

* *' (Btll 

LotiR and Ciinninc.iiam*'-* measuied the heat of solution of ameiicium metal, 
of unspecified eiystal stiucture, m 1 5 M HCland reported 162 3 2 7 kcal mole ' 

for the solution reaction 


Tahii- “i -Htai Oh soluiion ot AiiitL, , in HCIsoluiions 

(< > 




Weight 

of sample 

Xm' 


1 leal evolved 

A//,,„ , 


Medium 

(mg) 

M 


(Cal) 

(keal mole 

') 

HCl 

10 M 

6 138 

0 004 

2 207 

10 ' 

0 5900 

33 40 


HCl 

10 ' M 

6 bll 

0 005 

2 402 

10 

0 6402 

33 31 








Average 

33 36 

0 25 

HCl 

1 500 M 

1 193 

0 006 

2 588 

10 ’ 

06317 

- 30 51 


HCl 1 

1 500 M 

7 3 36 

0 007 

2 639 

10 ' 

0 6478 

30 68 


HCl 1 

1 500 M 

5 683 

0 004 

2 045 

10 ’ 

0 5007 

30 61 








Ave'iage' 

30 60 ' 

0 20 


It IS now known'*** that the room tempeialurc stable modification of amciiciuni 
IS a double hexagonal close packed phase and that this is noimally obtained in small 
scale reductions It is likely that this was the form of americium metal used m the 
hcat-of-solution measurements It is our intention to repeat the mcasuremcMis 
using americium metal of known crystallographic loim, but for the present we wish 
only to report our values for the heat of solution of AmCI,^ ^ in HCl solutions 
As mentioned previously, the samples used foi the heat measuicments were chipped 
from a single 0 7 g crystal of AmCI^ having the hexagonal LaCIi type of strucluK 
The thermochemical data are summarized m Table 5 In calculating their valin-s 
for the heats of formation of AmCI-,^^^ and Am*'(a<|), Lour and Cunninc.ham too' 
the heats-of-solution of AmCL^ ^ in HCl solutions of vaiious concentrations to h 
the same as those for plutonium trichloride As is evident from Table 5 they ai 
actually about 1 1 kcal more negative From a compilation of data assembled ' 
Speddino and Flynn**^’, the heats of solution of the light rare earth trichloru* - 
(which are isostructural with PuClj and AmClj) are shown to become increasin' • 
negative by about 1 3 kcal per unit increase in atomic number 

"o I Surry and N R Davioson, Raclnnhcmual Studies Ffw Tiansiirauiiim Llemenis (Fditcc 
G T Sfaboro, j j Katz and W M Manning) NNhS, Plutonium Project Record, Do 
Vol I4B, p 841 McGraw-Hill, New York (1949) 

H R Lour and B B Cunningham,/ Amer Cheni Sot 73,2025(1951) 

D B McWhan, j C Wai lmann, B B CunnimiIIam, L B AspRrv, F H EiiiNCrrR ' 
W H Zachariasfn, / Inor^ Nui! Cheni 15, 185 (I960) 

"" F H Spfdoing and J P Flynn/ Amer C hem Soc 76,1477 (1953) 
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Using our value foi the heat of solution of AmCI^ in I 5 M HCl and the value 
of -162 3 for the heat of solution of ainencuim metal in 1 5 M HCl, we calculate 

, 249 2 -j_ 3 kcal mole * 

• i 

Taking - 33 36 l_ 0 25 for the heat of solution of Amtl,^^i in 10 •’ M HCl to be 
equivalent to that at infinite dilution, wc find 

A/yC , - 162 4 3 kcal mole ' 

ITnally, using the data reported by Koch and Ci on the temperature 

dependence of the equilibrium constant for the reaction, 

AinCh,_^ . H>0,^,, =- AmOCI,, ) 2HCI,j,, 

we obtain 

1H'\ - 227 6 3 kcal mole » 

•' VllHM ^ j 

A<knowli(li^enuril\ We wish to thank Mr Ct V SiiAiiMo'r lor performing luimcroiis spcclro- 
giaphic analyses tor us and Mis Ci Boi / of the Health Chemistry Group for providing assistance 
in handling radioactive materials 

Wc are especially grateful to Mr 11 P Rohinsos for assistaneu in inamiL nance of the calorimeter 
'‘^'C W Korn and B B CcNNisonAMy Amci C/icm S<h 75, 1470 (19‘i4) 
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RATES OF ISOTOPIC LIGAND EXCHANGE OF Ni(ll) 
COMPLEXES OF y-AMINEOXlMES"> 

D L 1 I wis ami R K Mi k\u\\ 

r5c|viitmt,ni of Clicniisir>, Lni\(.rMiv (>) Missouri ( oluiiibid Missouri 

{Riitnit! Deciniht) l';62, iii IlI ncJ foi m H 4pnll96^) 

Abstract The kinetics ol ihc ligand eschani^c ol [N'i(A(J).-H] |Ni(McAO).— II] and[Ni(EnAO) - 
II]' have been insesUgated using C" labeled ligands li was lound that the esehangc for the series 
lollosss the general law R ATcomplexJ^ A [ee'niple\jr(hgand]jr The overall rates are in the 
eirderAO' McAO I nAO With [Ni(AO) Hj ' the tschangc is rapid and can led predominately 
by the ligand dependent, A. term With [Ni(MeA())_ -Hj at eonstant (McAOJ^. R shows a mini- 
mum in the region of pH H In the basic region the faster rale is due to inereased free ligand con- 
centration while the acidic catalysis is iiitci preled on the basis ol a half-bonded intermediate For 
[Nid tiAO) - H]' the evehangc is carried by the A, letin with A . being small The order of the ligand 
dependent step, A. isAO MeAO TnAO and is due to sletic hindrance in the formation of a 
five eo-ordinate activated state This is supported bv the catalysis ot exchange by foreign chelating 
ions or molecules 1 hese results arc compared with the kinetics ol le action with FDTA and a mechan- 
istic picture invv'lvmg simple elisscKiUion and a CN 5 activated state is postulated and discussed 

Isotopic ligand exchange studies have shown cxtrcnie' utility in the clanlication of 
mecharnsnis of leactions of coordination tompounds Tlieie has been renewed interest 
in the planar state as a lesiilt of recent inxestigaticais on Ni(II;. Pl(ll) and Au(III) 
compounds Of this group Ni(ll) presents the most faxourablc characteristics 

lot ligand exchange studies because ot the relative speed of the leactions and the ease 
ot following them Of the hg,inds whicli have be'cn studied with Ni(ll), CN and 
ethylenediaminc* " complexes show veiy fast exchange tales and are not suited for 
rigorous interpretation C-alkyl substitutions on ethylcnediamme give complexes 
which show diminished rales The insolubility of the dioxnne complexes has pre- 
vented studies with these planar complexes m water solution 

Taken m pait (lom the M A dissertation pl D I Livvis Supported by the Division ot Research 
t'lrants National Institute of Health (No A-SObti) and by the Univcisity of Missouri Research 
Council Presciitcd at the 14th Kansas City Arne I Chem Soe t hcmistry Conterenec November, 
1962 

" (a) F Basolo, H B Ciray anil R Cj Pi xkv>n J tiiui Clwni Sih 82, 4200, (1960( (b) F 
Basoio, 1 CtiATT H B Gray, R B PrvRsos and B L Siiwv J C/iim ,Si>f 2207 (1961) (c) 

i Chati and B L Shaw, // m/ 1718 (1960) 

’'(a)H B Gray,/ 4inci Chew Soi 84, 1 S48 ( 1962) (b) H B t. ray and R J Ot cot i , /iimgu/iir 
C/ifw 1, 481 (1962) 

R L Rich and H TAiiitr,y Phw (Inin 58,1(19x4) 

' ' (a) A W Aoamson, I P WliKiuandM Vol pr / 4imi (Inin So<. 72.4010(1950) (,b) A G 
MArDiARMii) and N F Hai i , /An/ 76, 4222 ( 1954) (e) I V. Lon., 7,t, St7(19Sl) 

'US Poppuwfll and R B Wilkias T ,1w., (h.w S.x 4098(1955) Although ethvlene- 
diamine-Ni(l[) complexes ,irespin-licc in soluiion, [Ni(en)j] '(C 100= m the solid state is sptn-paired 
H Glam R and P PhtniiK J Punt Chtm 153. ’’00 ( 19X9) 

'U)R G WiLMNs, / Chew Sen 4521 (1957) (b) F Basolo,’)- T Chin and R K Miirmann 
J A wei Chew Soi 76,956 (1954) 
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Using aliphatic y-aniinco\inies, a senes cit Ni(l]), spin-paired complexes have 
been prcpaied'^' which contain a hydiogcn bond and thus are expected to be slower 
leacting than those ot 7-diamines These compounds (Fig 1) have a | I charge and 
have suitable solubilities foi precise studies It was felt that a comparison of the 

R R <- 

N 

\ 

Ml 

\ 

\ 

' N M 

OHO 

Ik, 1 -R M, INi(AO).— H| R C 11^. [Ni(McAO), tlj 

R R riU CM. . INi(tnAO) H] 

pievioLisly published kinetics of acid dissociation''"’ and TDTA leaction*'"” with 
those ot ligand and metal ion isotopic exchange would piovidc considerable informa- 
tion about the mechanism of reaction used by planai Ni(ll) compounds which, in a 
slightly modilicd way, may also be used by other planai ions Also ot interest is 
the magnitude of the modification of the exchange kinetics by the chelate iing foimcd 
with the hydiogen bond 

This papei repoits isotopic ligand exchange studies and some '"Ni exchange rates 
on [Ni(AO),— H]’. [NKMcAO)/ H] and {Ni(EnAO) H] '' 

t XPLRIMl.N TAL 

At) and LnAO as well as then complexes INi(At)). --H]C it), and [Ni(l iiAO) lljClO, vvcic 
prepared loilowing methods previously described They were lecrystallizcd from water until then 
visible and inirared spectra agreed with carliei analysed samples McAO was prepared by using 
iiiethylamine in plaec ol ammonia in the AO prepaiation The fiic amineoxime was rcerystalli/id 
from a benzene — petroleum ether “F mixtuic giving colourless crystals mp 68 69'C' (Found 

C,5408. H, 10 73, N, 2067, Neut taiuiv.1305 Calc for r„HnN,0 C, 35 53 , H, 10 84, N 
21 52, Ncut tijuiv . 130 2) 

[Ni(IVIcAO). - FlICIOj was prepared by a method similar to that used for the AO complex but a 
more caielul neutralization to a pH ot 7 5 8 0 was necessary It was rccrystalli/ed Irom water going 
yellow crystals soluble in acetone, alcohol and water having », I, ux at 425 m// 121 Found C, 35 12 

H,6 87, N,I3 45, Ni, 14 12, 004,24 24 talc rorC„H,;N40„NiCI C,34 52, H,6 52, N.I342 
N(, 14 06, CIO,, 23 82"„) In the solid stale the complex was found to be diamagnetic, V,, 

192 10 showing it to be in the spin-paired slate as was obseived with [Ni(AO). H]' and |Ni 

(LnAO) -H] 

Radioactive lomplcxa 

AOt,(NH2 — CC^CHdj— OCHi) NOH, was prepared by the loilowing procedure , iheaction, I 
l,3'‘C acetone on ethyl magnesium bromide in anhydrous ether, followed by hydrolysis gav. 

* In these formulas AO -- 2-mtthyl-2-amino-3-bulanonc oxime, MeAO - 2-N-mcthylainino- : 
melhyI-3-butanone oxime, EnAO ^ 2,2’-ethylamino-bis-(2-mcthyl-3-butonone)-dioximc Ihcdcsc 
nation --H expresses the essentially complete jonization of a H ‘ fiom the ligand in the lormation i 
a hydrogen bond 

t An asterisk is used to denote that species containing '■'C 
R K MuRMANN,y Awer C/iem Soc TD, 521 <1957), 80,4174 (1958) 

(a) R K Murmann, / Amei Chew Soi 84,1349 (1962), (b) /rjorg Chew 2, 116 (1963). 




Rales of isoloptL ligiind tvchangt ol Ni(ll)coniple\.esof y-animcovimcs I41^ 

<, HjCH, - C(>'CH,XOH) This was dehydrated with 70'’„ H,SO, using a trace of F, as a catalyst 
giving primarily, C( CHd,* C HtCHaJ w'hieh was added to a slight excess ol NOCl producing 
UC CH(CH,) (NO) An excess ot dry NH, in absolute CH^OH was added to the nitrosyl 

L blonde adduct and, after refluxing for seveial hours, the pioduet NH.-C('‘CHi) 2 - OC HaX NOH) 
was reacted with i slight excess of Nr at pH 7 5 and (Ni(AO)_- H]CIO, was precipitated with an 
excess ol NaClO, It was twice recrystallized lieim water, dried under vacuum and had an inlra-red 
spectra identical with an authcnlie sample 

McAO*, ('‘CHi'NH- C(CH|)i C(C H,) NOll) was prepared from "CHjNO, Nnro- 
nicthane ' 'C was reduced with SriC K in HC 1 to give mcthylainine-' 'C which was steam distilled 
Irom basic solution into dilute HCI ^'CHiNM,CI vvas collected as a solid upon evaporation This 
w.is ecjuihbiatcd with normal ( HtNIH and the "CH,NHj lormed added to anhydrous McOH con- 
taining a slight excess of C(CH,)^CI ((CH|)( NOH) Alter reaction the solid product obtained 
upon evaporation was converted to [NifMcAO)^ HJClOi hy stoiehiometi ic amounts of INi(H.O)^] 
(_l. and NaOH solution lollovved by precipitation with an excess ot NaCIO, The complex, when 
reeiysialh/cd Irom water and dried gaxe the same mirared spectra as an analysed non-radioaclive 
sample 

A sample ol [Ni(MeAO)j -HJCIO, with a high spccihe aetixity was prepared by lowering the 
amount e>l inactive carbon iiiirodueed but, although it was rcprccipitatcd several times it still con- 
tanvc'd an impuuly which catalysed ihc ligand exchange 

InAO*, (HON C(CH,) C(i H,).' NH >‘CH,— "CH, NH C(C1I,),- r(CHj) NOH) 
was prepared Irom I 2-dibre>nioe'lhane-l 2-"C Dibromc>ethane-”C was treated in a bomb with 
anhytirous liquid NHj producing NHjUi — C'^H.- C“Hi NHjBr Addition ol BaO produced 
anhytircHis HNj "CHj "C'Hj N1 H which was distilled into an anhydrous MeOH solution con- 
taining the calculated amount ol etc 1)(C H,)i - <-(CHi)t NOH) Alter healing and cvapesraiion [Ni 
(I iiAO) HICIO, was pieeipil.Uc'd by the addition ol Ni- OH” and excess NaCIO, It was ic- 
eiysialh/cd Irom vxaler and altci diying gave a visible ahsoipiion spectra and molar abseubanee 
identical to that of a sample of known purity 

Ml opeiations in the prepaniiion of '’C-hgands inveslvmg ladioaelive g.iscs or volatile liquids were 
vaiiied mil m a high vacuum appaiaius 

Visible absoi ptioii spectra weic obtained with a Beckman Model DU Spe opliotomelcrequippcd 
wiih cell spacers' through which w.iiei at coiistaiit tempciatuiv could he pumped Intra-rcd 
speetia m KBr pellets or Nu|ol mulls wcie obtained with a Pcikiii 1 Imci Iniraeord Model H? 

Carbon hydrogen and nitiogen analyses vvcie perloimod bv Galbraith Lahoialories Knoxville 
Icnncssee while nickel and CIO,” weie detcimiiied giavimelncally using dimethylglv oxinie and 
letiaphenyl aisonium chloride respectively 

A nuclear C hieago Model l?IAsealer in conjunction vv iiii an uUra-thiii mica w mdow (1 1 mg, cm-) 
RC L Ciciger Muller tube w.is cmjslovcd Im radio-ass,iv vil earhon-I4 containing samjvlos Appreixi- 
mately 2 111 ot lead shielding held the background to 20 ■ 1 eounts'mm 

I \chan!^c intc 

2 he rale of ligand exchange was e in led out by aikling active complex to a solution containing 
nuiel ISC ligand ami follow mg I he dcei ease m vieliv uy ol the complex Teinpe'i a lu i e ol I he exchanging 

solutions was controlled bv lliermoxialed baths with vaiiaiK'iis in the lange ol 2 aO of 001 and 

1 in the 45 55 range The half-time was obtained liom a giaph ol log (1 7 ) \s tune wheie 

! lepiescnls the fraction id exchange 1 he oveiail laic ol exchange of labeled and imlabelcd species 
^'as ealeiilaled Irom the Me Kav equation'"’’ wherd a 21A(> eomphsl, 21Me'\G complex], 

|l nAO coniplcx], and h [ligand]. 

In 2 <ih 

R 

U 1 •' <' 

I xchange was initiated by two methods (a) a known amouni ol hnel> powdeied complex was 
Killed to a solution containing a known amount ol ligand ai iIk ih'sued pH In most regions the 
I'gand behaved as Us own boiler (b) A small amount ot solution eoniaimng the high speeihe activ ity 

' The subscript T signifies the total eonecntiation ol all complex or ligand species 

H A C Me K AX , Mi/.yic, /.('«(/ 142, W7 (1918) 
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Ldmplcx was injected into an equilibrated solution containing ligand and complex at known con- 
ccnlrations and pH The complex added comprised only a small fraction of the total complex so that 
the equilibrium was not upset within the sensitivity of the measurements 

In eithci case at appropiiate times portions of the exchanging solution were withdrawn and the 
complex ion precipitated with a freshly prcpaicd solution ot Reineeke Salt, (NH,[Cr(NH,)_(SC N),]) 
The piecipitaicd complex was deposited on a thick, I in circular, flat hitei paper by the use of a gl.iss 
chimney washed vxith water, diied by >uction and allowed to equilibrate with the atmosphere The 
spccitic actisil) of the mats was measured using constant geometry and was coriected to iiitmite thick- 
ness using the wcii;ht of each mat and a calibration curve 

In several cases, the rate was simultaneously lollowed by measurements of the activitv increase m 
the ligand To do this the complex was removed in the usual way, the supernatant solution was made 
acidic, and a liirthci quantity of Reineeke Salt added whereupon the protonated ligand Reiiieckatc 
piccipitated It was convened into a mat and its specilic activity at inlinitc thickness was measured 
In all cases the latcs obtained liom the complex and Irom the ligand activity were identical 

iVicAr/ evr/irriigc 

' 'Ni obtained liom A I' C Oak Ridge, Tennessee contained some gamma cmittcis Jt was puii- 
licd by slow precipitation with dimcthylglyoxime tiom a solution containing he- , C r-* , MiT and 
Co- A second piccipitation followed by decomposition with concentrated HCIO4 gave a NitCIt)^^ 
solution ol known concentration with only a small excess of HClOj 

Metal 1011 exchange was initiated by the addition of a small amount ol active nickel solution to a 
ptc-cquilibratcd, thcrmost.iied, buffered (NH4OAC) solution of the inactive complex and Nilll) 
Portions of the complex were precipitated at measured intervals with Reineeke Salt and mounted as an 
infinitely thick mat Measurements ol the jf- of '“•'Ni were made with the same thin window (jcigci 
tube as used Ivir “C In initial measurements, the late was also followed by precipitating the Ni- 
with dimeth) Iglyoxime, mounting and rneasui/ng its specific activity The overall laie, R, was ob- 
tained from the slope of a graph of logd /) versus lime using the familiar McKay equation 

Rr.sDLrs 

[Ni(AO*), H] -I 2A() [Ni(AO)^ H] ; 2A()* Giapbs of log(l -/) 
versus time were linear and extrapolated to a value of I 0 for (I /• ) at time zeio 
Induced exchange due to precipitation and to the preparation of the complex toi 
counting was zero within experimental cirorand the precipitating agent had no effect 
(runs I, 3, 4) Table 1 contains the experiments which show that the latc constant, r 
using the expression, rate - A[Ni(AO) 2 — H]y. ' is strongly dependent on [AO]^ and, 
[H^] (runs 1, 2) However, the rate constant derived from the expression 

/i - A/[Ni(AO)„- Hi],,.[AO]^, 

IS. within experimental error, a c'onstant m the pH range (7 2-9 4) (runs 1, 2, 3, 4. Id 
15, 16) The half-times of exchange arc small which made the experimental crioi 
somewhat larger than that observed with MeAO and t'nAO so that the differences ui 
A 2 ' are not significant At 0 ’ and /r approximately 0 03, A./ has an aveiage value ci 
14 < 10^1 min ^ mole * Since previous work had shown catalysis by small qu m- 
titles of impurities, both [NiCAO)^ — H]' and AO were rccrystalhzcd (runs I 1' 
This did not affect k,/ indicating the absence of catalysts 

Runs 11-14 show the effect of foreign ions and molecules Nitiate ion lediu^ 
the rate when in high concentrations (0 05 M) while NHj-NH,' , 0 01 M, shows onl 

The designation used throughout this paper for rate constants will be for ligand exchangv t' 
pseudo first order rate ciinsiant. A, defined as, overall rate, R A [complexly. A, and A . dclinol ' 
R - A,[complex]r “ Ajlcomplexlylligandlj, For metal ion exchange, overall rale, R ' 
[complexjj. The term free ki^ancj is meant to describe that which is untomplexed and unpi"' 
naied It is designated by the subscript F 



Rates of isotopie ligand exchange of Ni(ll) tomplexcs of y-aminoeximes 1435 





Tabu 

1 RAII- or LK.AND 

ixciiAsia 

ot [Ni(AO),- H] 


[Ni(AO), ^ 

H ],. 

5 14 

10 ’ molc/1 

7 defined as R 

A[Ni(AO),— H dr 



lAO],, 

20 5 

10 > 

molc/l 

k.' clelined as R 

A/[Ni(A()), -h-jhaow 






Ri 10") 







[ligand],,,, , 

(mole 1 ‘ 


A^( 

to ■*) 

No 

F( C) 

pH 

( 

10') (mill) 

min ') 

A(min 

') 1, luin 

mole ’ 

1* 

0 

15 

3 60 

0 15 

32 

62 

1 7 


2 

0 

9 41 

1 44i} 

0 23 

10 3 

20 

I 4 


3* 

0 

9 15 

3 60 

0 14 

34 

6 h 

1 8 


4NS 

0 

7 06 

3 56 

10 ^ 22 

0 22 

0 042 

1 2 


10 

0 

7 22 

5 15 

10 = 111 

0 43 

0 0S4 

1 62 


15 

0 

7 86 

2 04 

10 ' 38 

1 24 

0 241 

I 18 


16 

0 

8 20 

4 80 

10 ' 1 33 

3 56 

0 619 

1 29 


5 

2 

7 06 

3 56 

10 - 23 

021 

0 040 

1 12 


7 

15 

6 61 

2 71 

10 - 118 

0 401 

0 078 

2 88 


X 

15 

6 61 

2 71 

10 " 113 

0419 

0 082 

3 0 


17 

25 

6 30 

2 15 

10 = 5 2 

0915 

0 178 

8 3 


9 

25 

6 30 

2 15 

10 - 5 4 

0 880 

0 171 

7 95 


1 1 

0 

6 92 

2 58 

10 -i 73 

0 072 

00139 

0 54[NaNO,] 

5 0 to 

12 

0 

6 96 

2 76 

10 - 3 6 

1 32 

0 257 

9 3[Ox "] 1 

10 " 

13 

0 

7 12 

4 07 

10 -i 6 7 

0 710 

0 138 

3 4[MeAO] 

24 10 " 

14 

0 

6 98 

2 94 

10 ' 159 

0 300 

0 0581 

1 98[NHd 1 

lO" 


* [PtBrJ ■ (as precipitating agent) 
i [Ligand],, initial 5 13 10 ■* niolc/l 

^ Complex rccrysidlli7cd 3 (25 percent recosory) 

!; Ligand reeiystalli/cd from ( \ecionc McOH) 


a slight e’lihanccmciit Oxalate ton and MeAO increase the rale drastically even at 
lelativcly low conccntialions (0 01 and 0 024 M respectively) 

Since the evaluation of A / is dependent on knowing the free \0 concentiation it 
was ncecssaiy to determine the tempeiature dependence ol the acid-dissociation 
constant of AOH in order to determine the tcmperatuie dependence of Ad LJsing a 
previously desenbed method."*' the values Icviind weie v 9 H2, 9 49, 9 28 at 2 , 
15 and 25 respectively giving a —A// of 8 04 kc.il/mole at /i 0 022 Using runs 
"i 7 and 9 and the dissociation constants of AOH\ the free AO was found to be 
5 5(i 10 2 71 10 ’ and 2 15 10 ‘ M respectively which gave the A / values 

listed in Table 1 A graph of In Ad vcisiis i/T’A gave a ncaily sliaight line with a 
slope corresponding to an foi ligand cvchi ngc of 13 8 kcal/mole The rate of 
exchange follows the expression A.' IX 10'- exp ( - 1 3,XOO//?7 ) I mole see ’ 
[Ni(McAO*);,- H]' ' 2MeAO [Ni(McAO)_. H] 2Me^.O* This exchange 
IS considerably slower than that of [NilAO)^ H] and thus the rates are more precise 
No zero time exchange Wiis found except at pH s below 7 5 where partial disscvcia- 
tioii of the complex occui s Fie 2 shows the [H ] dependence ol the pseudo first oidci 
late constant at constant (MeAC)]/ dclmet^ m Overall rate, 

R A[Ni(McAO)^- H ], 

f ig 3 gives the /re e liEand dependence of the pseudo fust order rate constant at a 
'"’F Ba SOLO and R K Murmann,/ /tmi (lum Sot 74, 237 i l ia52) 
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NOTES 


Ihc adsorption of di-n-buty]phosphate from organic solutions on some metal oxides 

{RerciictI 6 Apiil l%2, in leiiH'd /oiin 19 May 1962) 

In Till course ol ccrt.iin expci iments on the punhc.ition ot ilegraded tributylphosphale-kert sene 
solutions, wc notieed that di-n-btitylphosphatc (OBP) is easily adsorbed on A1,0,. 7rO_, SiOj, 
MnOj and piobably on sonic othci oxides I he adsorption processes weie studied in more detail on 
the Inst three oxides, whereas gianiilai MnO_, owing to some inconvenient meehanieal properties, 
was d I scalded 

Fxih’i niu mill 

1 he following oxides, di led at 105 C to constant weight, were tised Merck s alumina according 
to Hioekmann (100 ISOmcsh), Merck s siliea-gel lor chromatographv ’ (100 2(X) mesh) and 
hvdrous /’ll eonium oxide ( 100 1 50 mesh) Di-n-butylphosphate (purity 99"„) was prepared according 
to Ki NNi 111 15uisTs'" and W AO Nr u ‘ rribeity'phtisphate ( I BP) and kerosene wci c usee) as soils ents 
In all cases, 25 ml ot the OBP soluiion (in kcioscnc oi in a mixture ol 30 sol 1 BP-kerosene) 
was stiaken lor 17 hr at 20 2 (^ The amount ol OBP aelsoibcet was ealeulatcd Irom the decrease 

ot Its eonecntiation in the soluiion 


Rtiiili', iiiul ili\< iiwuiii 

The adsoiption isoihtrnis (in puie keioseiic so'u(ions) ha\>. the same shape (or all three ad- 
soi bents anti they c,iii be expressed lairly well by means o| a Langmuii -tv pe ee|iialiesn In the range 
4t) lot)",, t'l satLiialion ihe tolleiwing ee|uation was Uninel tei be valid 

I' </)] (I) 

lisle (/ IS the atlsoibetl amount til OBP pel I g of (he aelstnhent, Q is the same e|uanlilv at 
s.itiiialion < IS (he ee|uilibi mm etmecnli alioii ol OBV in the solution (mmtil ml) and K is the eejui- 
hhriuni constant (ml mmol ') The values A and Q Itn the thice lelsoi bents are given in the soetmd 
,uiti (lie ihirel etilunin ti( Table 1 respeetivciy vvhcrcas Kig I sht»ws the istUherms The curves arc 
e ileulaled lot the A-and ()-v,ilucs given in Table I whereas the dots arc ihc experimental results 

T Mil r I 





30 1 BP- 

0 1 M HNO,- 

Adsorbent 

Kei 

ostne 

kcriiseiic 

kerosene 

A* 

Q 

Q' 

Q 


(ml mmol ') 

fmmolg ') 

(mmolg ') 

(mmolg ') 

AI.O, 

2 1 I0‘ 

0 70 

0 50 

0 S5 

/lO, 

1 4 lO-* 

1 10 

0 80 

0 76 

Si(T 

3 4 10' 

0 65 

0 01 

001 


* The ra(it) liquid solid phase was 25 ml/g 


OBP IS adstirbctl on Al_0, and /rO, from TBP-keie>senc solutions even il these soluiunis contain 
nitric acid Some adsorption capacities in such solutitins aie given in the last two eolumns tif Table' I 
However as it can be seen from the same (able, OBP is not adsoibed on SiO, in the prcsciiee of 
(aige amouiils oi T BP In that case, the adsorption is not speeitie and TBP remenes OBP luim SiO 
111 the case ol AI.O, and 7rO., however iheie aic many reasons foi the assumplion that a strong 
ehemisoiption takes place Tor instance, it is well-known that these oxides firmly hind phosphate 
ions from aqueous solutions * ‘ 


" I Kinnltii Oukis, TlO-4500 (1957) 
R M Wac.ner, HW-19959 (1951) 



RdWSdt isi)topiv. ligantl i,\v.hangL ol Ni(ll)complc,\cs ot ^-ainincoxiines 
Tabu 2 l-\( iian<.k raii (aialysis' [Ni(MeAO)^ -H]+ 
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pM Calalysl 

[Calalysl] lO- A 

10' niin ‘ 

7 7 none 

0 (X)0 

1 30 

7 7 NH, 

0 65 !0 ’ 

1 32 

7 7 Ethylcnediaminei 

027 lO n 

35 4 

FlhylenetliamineH 

0 24 1 


7 7 N,N'dimclhylelhylenctlidmme 

OM lO " 

2 It 

(N.N'-dimclhylelhylcnedidinintH ) 

0215 


7 7 N,N,N',N''lcirdmcthyIethylenedianiine 

0 0201 

1 68 

(N,N,N',N'-tctrdmctliylcthylencdiamincH ) 

0 375 


y 5 rthyleneduiminc. 

0 026 

220 

(EthylencdiamincH ) 

0 573 


8 5 Oxalate - 

1 0 

38 8 


)■ [Ni(MeAO). H Jr 10 10 ' molc/l [McAO],. 5 0 10 - molc/1 , Temp 25 rC 

i The conccnirations ol the forms of the catalysis were based oa these acid-dissoeiaticni constants 
cthyicncdiamine, /)A, 7 52, /rAj 1065, N N'-dimcth)kthylenei.iiaminc, pk\ - 7 47 pK, - 

1029, N,N,N',N'-tetranicthylethylencdiaminc, /)A', 5 85, pA'j 8 97 


consUnt pH of 7 7 and 9 5 The scatlci at 7 7 is partially due to the fact that the 
earlier experiments wcie not as precise and the etiors arc more obvious because of the 
expanded scale caused by the small [McAOJ^ dependence Itisquiteccrtain.howcNcr, 
that A IS slightly ligand dependent The values, lor A, and A> obtained from this 
graph arc pH 71, 6 2 10 'nun ',A, - 0 331 mole-' min-', pH - 9 5, 

Ai = l6 8 10 •‘mm ', Ao - 0 03 1 mole 'min-' Table 2 presents the elTcct of 

foreign ions and molecules on the rate of exchange NH, and N,N.N ,N -tetra- 
methylethylencdiamine have almost no eflect while a small positP'e catalysis is noted 
by N,N'-dimcthylethylenediamine Ethylcncdiamine is an extremely effective catalyst 
while oxalate ion at the same concentration is less so 

Since the pseudo first order rate constant is only slightly MeAO dependent at pH 
7 7 Its tempei aturc dependence was evaluated without correction for the changes of the 
phti of MeAOH with temperature A graph of In A vs l/T was nearly linear giving a 
value for £a of | 16 6 kcai/mole for the ligand exchange of [Ni(McAO).— H]- At 
pH -- 7 7, [Ni(MeAO)^— H']/ 10 10 - M, [MeAOJy 2 5 sl0‘-M. the 

reaction follows the law A 23 ; 10* exp ( -16.600/A7)I mole 'sec 

[Ni(EnAO*)— H]' i EnAO ► [Ni(EnAO)— H]’ } EnAO* Figure 2 contains 
a graph of the [H'] dependence of the pseudo first order latc constant calculated 
fiom the expression - A [Ni(EnAO)-H 1 ,, Evpciiments to determine the 
ligand dependence indicate that at least two isomcnc torms of the ligand arc present 
and that at least one docs not participate m the exchange This was previously 
suggested from a study of the kinetics of formation of the complex On the buMS 
of the fraction of free EnAO that docs participate in the exchange, as shown by 
isotopic dilution, the ligand dependence appears quite small Separation of the 
isomers of EnAO and subsequent determination of the ligand dependence is being 


undertaken , . , 

[Ni(AO),--H]' i Ni**' v^[Ni*(AOV H]* results of metal ion 

exchange with [Ni(AOE H]' arc presented m Fig 5 The rate constant, A, was 
evaluated using the expression Ji A „[Ni(AOV and it appears to be Ni^- 

mdependent at a pH of 7 2 The rate constant obtained bv counting the precipitated 
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comple\, [Ni(AO),- H]*[Cr(NH,) 2 (SCN) 4 ] , was identical with that obtained b) 
measuring the activity decrease ot the Nr' by precipitation with dimethylglyoxime 
Using [Ni(EnAO) at a pH of 6 9 and following the activity of Ni-^ and ol 

[Ni(FnAO)-- H]^. the half time was so slow it could not be measured An upper limit 
foi the late constant was evaluated, howevei, (A — 2 ' 10 ’ min^^) 

The individual stepwise formation constants of the complexes are not well estab- 
lished and It IS not possible to estimate the pci cent concentrations of the complex 
species over a long pH langc Since the rate of ligand and metal ion exchange depends 
on the amounts of each exchanging species some measure of the relative amounts of 
complex species as a function of pH was needed For this purpose pH titration 
curves wcie determined and aic given in Fig 4 From these and the dissociation 
constants of the amines it can be seen that the foimation constants are in the ordci 
[Ni(EnAO)— H] [NifAOjj H]' lNi(McAO)_ - H] and that the hydrogen 
bond in [NKMeAO)^ — H]' is considerably weaken thermodynamically than the otheis 

DISCUSSION 

The overall exchange leaction (Ni{XX*) 2 --H]' -!- 2XX < [Ni(XX) 2 — HJ 
2XX*, where XX AO, MeAO proceeds by a two step process as described bv 
equation 1 

A,[Ni(XX),^H^j/. I A.[NifXX)>— H^],.[XX];,- 

Proof of this process is shown by the graph of the pseudo lirst older lale constant. A, 
vs [XX],„,, which, for the MeAO system, F'lg 3, is a stiaight line with a positive 
slope The magnitude of the oveiall latc, /E for the three complexes studied is prim- 
arily determined by the value of A^ since A'j is relatively small Thus, [NifAO)^ — H] 
IS appioximately 400 times faster exchanging than the corresponding MeAO or FnAO 
complexes because k, is extiemely large This is illustrated by the fact that the k^ 
teim IS not even observed in the AO system 

Lii^cmcl dependence 

The form of the latc expression suggests the same mechanism for ligand exchange 
on nickel (II) as that postulated by Basolo and PtAKSON*^* for platinum (II), palla- 
dium (11) and nickel (11) replacement reactions The term involving Aj may be visual- 
ized as being due to dissociation or displacement ol the ligand by water molecules 
weakly held m the fifth and sixth positions while the second order term stronglv 
suggests that in the activated state the free ligand occupies one of these positions and 
assists in the dissociation of the coordinated ligand 

The lelative magnitude of A^ with different ligands is readily understood on the 
basis of steric hindrance which occurs only in the MeAO and EnAO systems In the 
MeAO complex, it is expected that the favored postion of the N-methyl groups will he 
toward opposite sides of the complex plane in order to reduce internal strain Models 
suggest that the 5 and 6 positions arc partially blocked by co-ordinated ligand-N- 
methyl groups and prevent the close approach of bulky reactant molecules Whee 
the reactant is the N-methylamino group, (as in ligand exchange), strong repulsiv 
forces between the methyl group of the reactant molecule and the methyl groups ol lh> 
complex make the formation of the activated state unfavourable unless reonentalio ' 
of the co-ordinated ligand methyl groups takes place Models indicate that walvi 
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Moles OH added Moles Ni- 

lie. 4 Titration curves 4 McAO, B AO, C Ln'VO l.igand/Ni- 2 
except with tnAO when it was 1 T 25 fC Zcioon abscissa correspesnds to i 
mixture ol Ni- anti 2 Ligand 11 

AO and simtlat molecules would not be stcncally hindered in their approach and, 
othci factors being constant, could be eireclively associated In the exchange of AO 
with [Ni(AO)_. — H]', neither the complex nor the entering ligand provides effective 
stei ic hindrance and thus ky is especially large Intel pretation of the EnAO system is 
inoie difhcult and it appears that steric hindrance due to the secondary amine nitrogen 
in the approaching ligand although important, is not the only factor Since catalysis 
by chelating ligands containing primary amines (i c cn) is smaller by compaiison 
with the AO and McAO systems, it is suggested that more than one of the reaction 
steps following association is slow In order to speed up these steps multidcntate 
ligands such as FDTA or hiiAO are necessary 



1 lu s [Ni(AO). H) Rale ol Ni-' exchange Rato /. „[romplcx)r 2S t C 

NH.OAc HO Xe biillcred 

, [fsji]- St) II) ' md • [Ni’ 1 1 •' Id moled 
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These lesulis ptiidtlel those found in the reaction of the same cornpicves with 
EDTA''"') where the kinetics follow the rate law R = A, [complex] ( A„[complcx] 
[FOTA] The T D'l A dependent tci m mcieases m the order EnAO =& MeAO . AO 
which js expected if the EDTA molecule ion associates either through an amine 
nitrogen oi a caiboxyl oxygen 

The detcimination of an exact value foi Aj is not possible fiom the data but 
fiiithci experiments on metal ion exchange (in progress) may give more precise 
infoimation In the AO system the rates aie dctei mined by the large value of A^ and 
A, cannot be c\<iluatcd Isotopic metal ion exchange data is more suitable for A, 
deteimmation since excess ligand need not be present and the rate due to k, becomes 
vanishingly small Some pidimmaiy lesults aic described later The McAO system 
piesents .i more favourable situation but another complication is present Fig 3 
show s that at two pH's the pseudo fust oidei latc constant does not extiapolate to the 
same value at [McAO], 0 The reason (or this is that the exchange is not being 
carried by a single complex but by a pH dependent equilibiium mixture Eig 6 shows 
these cquilibiia for which only approximate equilibrium constants are known At 
pH 7 7 and [MeAO] >• 0 the exchange is canted predominately by [Ni(MeAO)_, 

H] while at pH 9 5 and [MeAO] —>- 0, a inodciate fiaction is earned by 

[Ni(McA(7)_ H(OH}]" 

which .ipparently dissociates mote lapidly The slope (Fig 3) decreases with inci easing 
pH rencctiiig a deci eased ligand dependent path due to the chn'iculty m replacing an 
OH group alicady present m the 5th position 



[Ni 'AOia J [Ni (AOn H] [Ni (HO), H 'OH]‘ 

t-K. 6 -Complex equilibria 

Actd dependence 

AO The acid dependence of the ligand exchange of [Ni(AO)^ — H]' appears to be 
small in the pH range 6 3-9 4 as shown by the relative consistent values of k, 
in Table 1 The titration curve B in Fig 4 shows that in this pH region, the metal ion 
IS almost entirely in the form, [Ni(AO )2 H]E On this basis a small hydrogen ion 
dependence is expected in agreement with experiment 

MeAO The pH dependence of the rate constant of ligand exchange ol 
[Ni(McAO)^ — H]^ IS large (Fig 2) The rapid rise m rate constant in the alkalnu 
legion IS due to two effects 

(a) Increased free ligand concentration (and thereby the rate due to the second 
order term) with increasing [OH'] 
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(b) The contribution of [Ni(McAO),- H(OH)]" at high pH\ The contribution 
of these two factors can be shown by Fig 7 

When the overall rate, /■?, is converted into a pseudo A_,' a relatively constant value 
IS obtained above a pH ot H 2 in this icgion the Aj leim is lather small and constant 
and may be neglected and the constancy of stiggests that the use in A in the alkaline 
legion (Fig 2) is primarily due to the increased free ligand concentration produced by 
increased base The slight rise in Ai around pH - 10 5 is just outside experimental 


I 



r H 

1 R. 7 ki \s pH loi the ligand exchange o( [NgMe'AO). HJ 
A j /t/[Coniplex|, [Ligand], 

eiioi and may be due to a largei value loi [NilMeAO)^ H(OH)]'* which is present 
m this alkaline legioii 

Below pH 8, Fig 2 shows that A increases with incieasmg acidit) Spcctialand 
ioimation constant studies (to be published) indicate an extiemely small concen- 
tiation of [Ni(MeAO)/H^O),]-‘ in the pH langc 5 5 8 0 suggesting that it is not 
lesponsible for this elfect unless it has an extiemely last reaction late On the basis of 
Its similar spectra with the n-PrAO and n-AmAO complexes it is octahcdial and should 
behave like [Ni(en)_,(H A0)_,]- The late constant ot ligand exchange foi this complex 
has been estimated'’-' to be, log A,, - 0 72 sec ’ If a value of the same oidei of 
magnitude is selected for [Ni(MeA0)j(H20)j]- , and taking intev account Us estimated 
concentration, the latc obseived is considerably fastei than that c\ikulated This 
suggests that the equilibiiuni Ioimation ot [Ni(MeA0)^(H_,0)j]“ is not responsible 
for most of the increased rate and an appealing explanation rests with a half-bonded 
intermediate suggested by Poppi i wrLL and Wilkins toi [Nu 1 etiameen),]- A 

dissociated amine group may cither reattach oi complete the dissociation of the 
hgand by rupture of the other bond Increasing the acidit} would cause increased 

"■'a D S PoppLFwri 1 and R G W'li kiss J Chem Soc 4098 (lyss) 

h A K Shamsuooin Ammu) and R G Wilmns J <-litni Six 2401(1960) 
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association of the uncomplexed annne group witli and prevent rcattachment thus 
facilitating the dissociation and exchange This half-bonded mechanism has been 
proposed foi other belli) and Ni(ll) complex reactions and may be responsible foi 
the increased late ot exchange in the acid legion 

tnAO I hat there is no increase m rate constant, A, (Fig 2) in the acidic region is 
consistant with the hall-bonded mechanism since the presence of the ethylene bridge 
betw'ecn tiic two nitrogens prevents then independent dissociation Since the ligand 
dependence foi the LnAO complex is small, it appears that the huge increase in k in 
the alkaline icgion is not piimaiily tine to ligand association at the fifth position 
This suggests that OH modifies the complex cither by direct association at the lifth 
position oi by bieaking the hydrogen bond This is discussed under metal ion ex- 

cha n ge 

1 cmpemtui e dependeni c 

The actuation energy of the exchange reaction, is cleaily highei for 
[Ni(MeAO)^ Tl] (1 6 6 kcal/mole) than for [Ni(AO)_> H] (13 8 kcal/mole) This 
is in agieement with the mechanism pioposcd since the former is earned piimarily bv 
the A'l late term and the latter by the A> term Jf we consider the A, late term to be a 
dissociation facilitated by water molecules m the position and the A^ dissociation 
lacilitated by an AO molecule attached thiough an amine nitrogen in a iKuis position, 
and tlic distoition of the planar state to be larger with the stiongei associating ligand 
(AO) then the eneigy necessary to leach the activated state would be less foi the moic 
highly distorted complex IhusthelossofC F S L upon association of [Ni(AO)j-- H]' 
with AO and watei to give a distoited octahedral configuiation weakens the AO Ni 
bonds in the plane more than does simple water association giving a lower activ.ition 
energy 

Catalysts of exchaitge 

Table 1, iiins (II 14), show that NOj“ ioweis, NH, has little effect on, and oxalate 
ion and McAO increase (he rate of exchange of [Ni(AO)^ — H]+ fdentical results 
were obtained with [Ni(lVteAO)j — H] (Table 2) The lowciing of the rate constant 
by NO^ may be a salt effect but, more probabl) is due to association with the com- 
plex. effectively reducing the association of the exchanging ligand and thus lowcnng 
the rate constant The fact that NH^ has little elTect suggests that the associating 
ligand can only be clfcctivc in causing exchange if it has a second co-ordmatmg atom 
w hich can, (a) displace one of the original coordinated atoms or (b) co-ordinate w ilh 
an open position left by a half dissociated ligand 

Steric hindrance is important since substitution of one methyl group on each 
nitrogen of ethylencdiamine makes it a much less effective catalyst and two mclhvl 
groups on each nitrogen prevents catalysis 

Using a chelating group containing oxygen co-ordmating atoms, oxalate me 
catalysis is observed but to a lesser extent In the cases studied, Jess than 1 per cent rl 
the complex reacts to form a mixed complex at equilibrium 

From the behaviour of ethylencdiamine at two pH’s the contribution of en ail 
enH+ were determined The ratio of effectiveness at unit activity is cn/cnll 
4 6/ 10'^ This ratio is much larger than statistically expected but is of the coin' < 
order of magnitude for a simple inductive effect 
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Basing the inductive effect on the acid-base dissociation constants of ethylene- 
diamine, (/j/ti - 10 65, pk^ 1 52) and assuming the associative tendency for the 
complex to be directly related to that for H the ratio of the expected ability of en to 
enH+ to coordinate can be estimated After combination with the statistical factor of 
two, because of two positions in cn veisus one in cnH^, one obtains log (en/enH ^) - 
3 43 This compares favourably with (he cxpciimcntal value of 3 66 suggesting that 



(a) (b) (c) 

an inductive effect is responsible for the difference in catalytic piopeities of en and 
cnH^ 

The catalysis by foreign chelating ions may be explained by the above scheme 
using ethyicnediamine as an example Although the amounts of 6 and c are small at 
ccjuilibrium A'[,. and A are large and the release of AO lesiilts m a rapid ligand 
exchange 

Met a! ion e\(/uinpe 

'(he rate constant of Ni(ll) ion exchange with [NKAO)^— H] decreases with 
increasing pH reaching a constant value of 7 3 10 ^ min ’ at a pH of about 7 5 

from the one obseivation made, it appears that the rate is nearly independent of 
[Nr'] in the region of pH 7 Since tormation constant studies have shown with a 
leasonable degree of certainty that the mono-complev has an extremely low stability, 
each lime a hgand dissociates the othci ligand also comes off This suggests that 
Am Aj - 7 3 10 'mm ' for [Ni(AO)j H] in a pH range 7 5 8 5 Incieasmg 
the acidity increases m a manner similar to that found foi ligand exchange with 
[Ni(McAO), — H]' This adds further support to the postulated acid-dependence of 
the hgand exchange of [Ni(MeAO)_, H]^. namely a half-bonded intermediate 
interacting with [H^],,, 

With fNi(EnAO) H] ' at a pH of 6 9 and 25 3 . A ^ is less than 2 10 ' mm ' 

and IS much smaller than the hgand exchange measuioments which have a value of k 
ol about 1 10 ' mm ' Since the hgand exchange late has a sm ill EnAO depen- 

dence, the activated state for hgand exchange probably involves a rate determining 
dissociation of two cooidmating positions ol the complex followed by a rapid addition 
ol a second hgand to form a symmetrical complex containing 2-EnAO s Exchange 
Occurs upon reformation of the oiigmal complex Alkaline conditions cause an 
increase m rate of hgand exchange and it is suggested that the two oxime groups 
become uncoordinated since this would be facilitated by OH addition to the com- 
plex (either by 5-position association or by bieaking the hydiogen bond) 
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Table 3 gives estimates of the rate constants of dissociation of the complexes 
listed as derived Irom ligand and metal ion exchange Aj refers to the dissociation 
rate constant for that species alone without the contribution of mono or un-hydrogen 
bonded species 


TAFII 1 1 RaIF CONSIANTS Oh DISSOCIATION (25 5 C) 


Complex 

pH 

Ax(min ') 

[Ni(AO). U|’ 

7 7 8 5 

7 3 

10 ■ 

[Ni(MeAO), II)' 

7 7 

6 2 

10 ^ 

[Ni(FaiAO)- U| 


2 

10’ 


It IS .ipparent that N-meth^yl substitution has little eHect while the dissociation 
constant for a similar tctradenlate ligand is much smallci 

The results on ligand and metal ion exchange kinetics parallel those found with 
the tDTA reaction with the same complexes The points of similarity are 

(a) relative ordci of the rate constants with diflforent complexes, 

(b) a two term late law containing a reactant independent and a leactant depen- 
dent term, 

(c) catalysis by foreign chelating ions, 

(d) a minimum in rate constants in the region of stability of the hydrogen bond .ind 

(e) catalysis by hydrogen ion m acidic regions 

Thus these studies suppoit the associative mechanism proposed for the reaction of 
planar nickel (II) complexes with LDTA and suggest that other planar nickel (II) 
reactions will follow similar paths 

SUMMARY 

The rates of ligand exchange of three planar nickel (II) ions lollow the rate law 
rate - Ai[complex] 7 . + A ^[complex]^. [ligand] y. A, is relatively small and thus A, 
determines the overall rate The value of A, i Ay is AO MeAO - EiiAO The 
activation energy for the A,, term is small compared to that for Ay Below a pH of 6 
the rate is acid dependent and this is interpreted on the basis of a half-bonded inter- 
mediate which can either re-coordinate or associate with an The exchange 

rates are strongly catalysed by foreign chelating agents such as oxalate ion or ethylciu.- 
diaminc due to the rapid rate of foiinafion of the mixed ligand complex The mclal 
ion exchange rates show a behaviour compatible with the ligand exchange inlei- 
prctation 

Based on these experiments and the similarity of the results with those found lor 
the reaction of planar Ni(II) ions with EDTA, an intermediate for both reactions is 
postulated with the reactant molecule coordinated in the fifth position in the activated 
state 



J Inorg NucI Chcm 1963 Vol 25 pp 1445 io USS Pcrgamon Press. I id Pn 


inicd in Northern Ireland 


RATE LAWS FOR TFIE U(IV) U(VI) EXCHANGE 
REACTION IN AQUEOUS ORGANIC 
MIXED SOLVENT SYSTEMS* 

J O Wear 

Sa.niiid Labordlory, Albuqucrcuic New Mexieo 

(RcfeirccI n Deamhd 1962. I'l uimil /turn 10 Apiil \'-)h'i) 

Abstract Rate law's have been wriiten and eliseiissccl lor the LJ(IV) U(V1) exchange reaction in 
llie following mixed solvents ^0, 60, 90 and 98 volume per cent ethanol water, 10, 60, 90, and 
98 volume per cent ethylene glycol water and 10 60 and 90 volume per cent acetone water 

The exchange reaction between U(IV) and LI(Vl) has been studied by several authors 
in water and mixed solvents The reaction has been studied in aqueous hydro- 
chloric acid'" and aqueous sulphuric add solutions'-' The reaction has also been 
studied in mixed aqueous hydrochloiic acid -ethanol,'-*' mixed aqueous hydrochloric 
acid-cthylcne glycol,'^’ and mixed aqueous hydrochloric acid acetone media 

The authors of these studies" " have either piesented no rate equations or have 
presented simple rate laws with the observed oiders rounded otT to integral values 
Numerical comparisons of the observed reaction rates and these rate equations 
have not been earned out In the present paper, an attempt has been made to write 
icasonable rate laws that will leproduce the obseivcd rates of reaction 

The mixed solvent systems are presented in the following ordei cthanoCwatei 
ethylene glycol-water, and acctonc-walcr 

/ ihanol-oater 

MAiiirws ct a/'** studied the U(1V)- U(VI) electron exchange leaction in the 
following ethanol water mixed solvents 30. 60 90 and 98t vol per cent ethanol 
and their data are used m this discussion Nomntegral orders were found in all the 
solvent mixtures and some of the oiders could not be made integral within the limits 
of the experimental error, which was I 10 percent"" The oideis and specific velocity 
constants are tabulated in Table I for each solvent 

Maiiilvvs ct f?/ '•*' wrote late expressions foi integral cirdcis in 30 and 60 vol pei 
cent ethanol solvents, but they used the assumption that [H J/Aj 1 where [H ] ~ 
I 10 1 and a:, [the U(IV) hydiolysis constant] is assumed to be about 2 10 ^ 

* Work performed under the .nopiecs ol ihc L' S Alomie I neigv Commisvion 
f Authois did not lake into account ihe water in t'O.C I. Mat and tracer solution 
" r Rona, 7 Amc! Chcm Sin 72, 4119 tl9S0). R< Amnotopts m Siuntilu Rcscauh (Ldilcdbv 
It C rxii rmann), Vol 2, pp 296 104 Pergamon Picsv, New York ( I9S8) 

■' R J Bms, Camui J Res 26 B, 702 (1948) 

" 19 M Maihews, J D Hiritv and T S Amis 7 Phw t//<m , 63, 1216 (I9S9) 

"8 I- MriTON, J O Wear and t S Amis 7 //iwg Aw/ Chcm 17.117(1961) 
t 1 MrnoN, A IniiH 1 1 and F S Amis 7 him" \ulClHni 17,121(1961) 

F) M Maihfws Thesis, University ot Ark.ins.is (19S9) 

I44S 
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FaBLF 1 — SprClFK RAFF TONSIANTS ANIF ORDI RS OF 
U(1V), U(VI), AM> H' IN VARIOUS FTHANOl-WATFR 
SOLVFN r MIXTIIRIS 


Vol 

lOII 

tj(IV) 

Ol del 

(UVJ) 

ordci 

H •" order 

10^ 

,)» 

2 0 

1 0 

1 0 

0 056 Ol 


0 91 

1 II 

1 74 

0 086 

0 44S 

60 

0 87 

1 08 

0 97 

1 1 6 

90 

2 89 

0 to 

1 06 

2128 

98 

0 0 

2 70 

1 26 

167 


* Fu)m reltrtiicc (I) 


In the following diseussion latc laws aie proposed for the LJ(IV) U(VI) exchange 
leaction in the 30, 60, 90, and 98 vol pei cent ethanol water solvents and distussetl 
in view ol the experimental data 

In the 30 vol per cent ethanol solvent the following rate expression can be wiiltcn 

R Ai[UOH‘i]{UOpH^] (I) 

Where [UOH* ] and [IJOjOH ] can be dctei mined from the following equilibrium 
constants 

[uoh'hh] 




[UOPH ][H ] 
[UO, ] 


(3) 


where K\ = 24 10 “'■> and K, 96 10 Solving hquations (2) and (3) lor 

{UOH’ ] and [UO^OH ] and substituting into equation (I) with the assumption 
[H ] K, the following rate law is obtained 

A /[U(IV )][U(VI)] 

[H']([H ] I Ai) 

wheie Aj' — kiK^R, 

1 he apparent spccihc velocity constant. A,', was calculated to be 2 37 10 * molc^ 

/ ’ min ’ from the experimental data The rates calculated with this value of A / and 
the concentration of the reactants are tabulated in Table 2 In the last column ol 
Table 2 is shown the per cent that deviates from 

In the 60 vol per cent ethanol solvent the same hydrolyses (Equations 2 and M 
are considered to be important and A'| and A'^ are 14 10 ^ and 5 2 10 ' 

respectively 

A reasonable rate expression can be written by adding a term to the rate expiessu' i 
for 30 vol per cent ethanol solvent as follows 

R A,[UOH'"[UOpH'] 3 A',[U’'][UO,2i] 

Again solving Equations (2) and (3) for the ionic concentrations m terms of [U(I3 'f 


K A Kraus and T Nllsosi, Report ORNL-496 (1950) 
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c 10 mmol j ml 


Ik. I Adsoi ptK'n isolhei nis (keiosene solution) The 
eiiiNes lepleseilt emiatlon (I) loi the' A- ain.1 Q values in 
Table 1 , the dots are the exponme'ntal Jesuits 


The idsoiption ol [TBP on ihe'se osidvs mij^hl be' uselul in the ele'aning pioecdure' ol some de- 
itiaded solvents We sueceedevl m teinovint; vju.inlitatively DBB liom oii;anie solvents by passing 
litem through a eolu.nn (illevi uith \l (), .Sonte dillieiillies aieoe' in removing DUB lioin ihe'eolumn 
Lp to the pieseiil, the bi si lesulls weie oblaiiicvl by washing llie eolumn with a wc.ikly alkaline 
salLii.iled at|Ueous solution ol ^ more del iiled mvesligalion ol the ,idsoi|ilion itl DBP on 

AI.(T is in progress 


hlSlllllW Oj SlItlUL': 

Hill IS Kuli ulr 


I J Gai 

Dj M Biikovk 


1 he I' \ . speciruin of aqueous BrCl 

i Rid iLitl K Ji(ne 1962) 

1 'll M VR 1‘ V spe.trum ol bromine ehloiide in carbon tetrachloride is well known, both the wave- 
length tnei estinclu'n coeJheienl of the absoiption masimum lying between the values lot bromine 
md ehloitnc'’ I’lm.ok Boiu.m and Sihiiilk'-’ have measured the absoiption due to Bi C I in 
aepieous solution and Imd an absorption maximum at HI mii the so ealleel L values given in these 
authors eliagiams do not appeal to be sell-eonsistent and eannot be extinction eoelheienls as suggesteel 
in the text 

The hvdiolysis e'f bromine is l.iigcly suppressed in 2N peiehlone aeid solution but ehloi me 
hvdroly ses appi eeiably in this aeiei unless chloi ide ions are present U'e have measiii cd the specti iim 
ol Bi ( I in 2N perehloi le aeid st lution in the presence of excess biomine This procedure has seveial 

A I Pof’ov and J J \I VNMON, y hmi (him Soc 74,222 11952) 

'-'I I’t Nijim, K BuiuanandL StmuiK.y //twg A'/'C Cheni 11, 56 (1959) 
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IABU2-A COMPARISON or onsiRsro am, caiciaih, 

iniual rams h,r ,h, MIV) l)(Vl) ,v„anc„ r,a, non ,n 
VVAIFR IIHANOI MI\H) SOI V| Ms A I 2i C 


IU(1V)1 lU(VI)] 
10^ 1(H 

<M) (M) 


1 90 I 89 

0 9^ 147 

2 8“) 2 R) 

1 90 2 94 

I 90 4 00 

I 90 I 89 

I 90 1 89 


I 90 2 94 

I 90 2 94 

1 90 2 94 

1 90 I 89 

0 95 2 

2 85 3 U, 

1 90 4 00 


I 68 211 

I 68 211 

1 68 211 

1 68 I 15 

1 68 I <;8 

0 79 I M 

2 37 2 80 

1 68 2 16 


1 32 141 

I 32 141 

I 32 I 41 

1 32 2 09 

1 32 2 77 

2 02 2 08 


in 1 

R(iIih 

10^ 

10 

IM) 

(M mm 

30"^ 

1 ihanol 

1 3 02 

4 29 

3 26 

19 0 

3 26 

88 2 

3 26 

61 4 

6 51 

33 1 

3 26 

46 9 

6 51 

14 0 

60 

1 thanol 

3 23 

167 0 

6 51 

75 5 

13 02 

44 2 

13 02 

28 6 

13 02 

19 5 

1 3 02 

68 9 

1 3 02 

65 2 

90"„ 

1 ihanol 

18 6S 

72 0 

23 16 

31 9 

31 45 

41 0 

25 16 

30 9 

23 16 

34 8 

25 16 

9 8 

23 16 

144 0 

23 16 

36 3 

98“' 

1 111 mol 

3 86 

118 0 

7 71 

11 8 

1 1 37 

27 8 

7 71 

119 0 

7 71 

248 0 

3 71 

106 0 


H. a, 

10- 

nevialiuii 

(M mm ' 

) ("„) 


4 24 

1 2 

17 9 

5 8 

84 3 

44 

71 7 

16 8 

31 0 

6 3 

46 1 

1 1 

14 7 

5 0 

A\t 5 9 

175 0 

4 8 

7! 6 

S 2 

42 6 

3 6 

27 4 

4 2 

18 3 

6 6 

73 0 

6 0 

58 0 

II 0 

Avc 5 9 

82 3 

14 3 

344 

4 8 

44 3 

8 0 

17 4 

6 9 

50 5 

8 5 

9 7 

1 0 

143 0 

0 7 

54 8 

2 7 

A\c 5 9 

127 0 

7 6 

42 3 

1 2 

26 7 

4 0 

1 10 0 

7 6 

235 0 

5 2 

102 0 

3 8 

•\\e 4 9 
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(U(VI)] and [H ] and substitutinji into equation (5) with the assumption [H ] Ko 
the following equation is obtained 

A,'[U(1V)](U(VI)] A,[li(IV)J[l'(Vn][H J 
[H ]([H ] K,) ' k\ “[H r” ^ * 

^'lereA,' 

Graphically A and k, wcic lound to be 5 86 10 ’ moles I ' min ' and 0 740 1 

mole ^ iTiin \ respectively The lalcs calculated with these values ot A,' and k, are 
tabulated in Table 2 The avciage deviation ot R ftom is + 5 9 per cent 
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As tlie ethanol content is increased to 90 vol per cent the rate increases by 200 
Told as can be seen in Table I This radical change in rate as well as a shift in ordeis 
indicates a veiy dillcicnt reaction path 

The U(1V) hydiolysis is still impoitant, but /s', is now 3 4 10 ‘ A new 

equilibiiLim espress by the tollovving equilibrium constant is introduced 


[UOOH' ] 

[TjoTMfTrj 


(7) 


Toi 90 sol pel cent ethanol solvent the following rate law can be wiitten 

N l[UOH*']’ i A, (UOOH* JIU' J (8) 

With the aid of equations (2) and (7) and assuming A', [H ] and A',[H ] I 
the follow mg late espiession is obtained 

A,'IU(1V)J* 

7?- + A/[H1[U(V1)J[U(1V)] (9) 

wheie A,' AiA,- and A,' — A ,K ^ 

Graphically. A,' and were found to be 5 20 min ' and I 74 I- moles “ mm 
lespcctivcly Using these values foi A^ and A^ the rates were calculated and are 
tabulated in Fable 2 the average per cent deviation of fiom 's ' 5 9 

per cent 

At 98 vol pet cent ethanol, the specific velocity constant is a factor of 1 5 lower 
than It Is 90 vol pei cent ethanol This possibly indicates the impoilancc now of the 
two solvolyscs with the following equilibrium constants 

[UO.OEU][H ] 

A'. " ( 0) 

^ ri tr\ 1 ' ' 


[UOEt»'][H'J 


( 11 ) 


Taking the above equilibiia into account the following latc expression can be 
written 

R A,'[UO,OEt^f[UO/ I ' A,'[U,0,(0Ct)d ] (I2l 

[UjOjfOEt)^* ] can be found using the following two equilibria 

^ (H) 

" [UOEP'P 


[U,0,(OEt)/^l[U^^] 

[U./OEt),-'][UO/'] 


With the use of Equations (10), (11), (13) and (14) and the assumption that A, 
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[H*], [U*’] [U(IV)], and [UOEt* J is constant and smiill. Equation ( 12) becomes 


^i[U(V0]' ^ [U(VI)] 

[H V ' “il7riV)j 


(15) 


where A, - A,' K,^ and k., AV [IJOEt"* ]- 

Graphically, Ay and Ay were determined to be 0 57 min ' and I 49 10 ^ moles 

1 ' min respectively Using these values of A, and A^ the lates w'eie calculated 
and aic compared with the ohseivcd initial rates in Table 2, where it can be seen 
that the average deviation of fiom is ^ 4 9 pei cent 

The rate laws proposed foi the water-ethanol mixluies permit the changes in 
I ate with increasing ethanol Even the radic.il changes in latc and orders from 60 to 
90 vol per cent ethanol arc accounted foi The calculated lates aic all within the 
experimental error of the observed rates Polymeric ions at high ethanol content 
have been considered which are probable with a low dielectric 

Hill V fciie g/y( ol n atci 

The U(1V)-U(VI) electron exchange reaction has been studied in 30, 60, 90 and 
98"^ vol per cent ethylene glycol watei mixed solvents by Ml lion, Wfar and Axiis'^h 
and their data aie used in this discussion The icpoited error in this study is also 
10 pot cent As in the ethanol watci system, non-integral ordeis were found 
The orders and spccihc velocity constants arc tabulated in Table 3 for each solvent 


[A1ILL3 — SpU IH( KAII ( OSSlAMS XSO OROLRS Ol- 
U(1V), L’(Vl), AMS II IN VARIOIS IIIJVLIM 

<.,LV V OL W AOR S<1L\ IN 1 MIX U Rl 


Vol 

rthy Isnc 
glvcol 

IKIV) 
oi sic r 

TtVI) 

ordLr 

II 

ordtr 

A 10 

30 

0 75 

0 6,S 

1 .5 

0 218 

(.0 

0 95 

0 9i 

\ 14 

1 47 

90 

1 35 

0 79 

0 24 

135 

98 

0 6(> 

0 S5 

0 5 3 

3 05 


In the discussion that follows, late laws are pioposed and discussed lor the 30 60 
90, and 98 vol per cent ethylene glycol-water solvents The same assumptions are 
made on the values of A', and A > as weie made in the ethanol water discussion 

The experimental data in the 30 vol per cent ethylene glycol solvent can be 
leproduced by the late expression fv’i the 60 vol pei cent ethanol solvent, ic 
Equation (6) 

Graphically, A/ and k, aic dcteimincd to be 5 0 10 ^ moles 1 ■ nun ' and 

5 6 10 I moles ^ mm h respectively The tales have been c,ilculated with these 
values of Ay' and A, and aic tabulated foi compaiison in Table 4 The avenge 
deviation of R^^^^ fiom is 8 9 pci cent 

Changing the ethylene glycol composition to 60 vol per cent requues no change 

* Authors did not take into account water m HO CK 0,0 and Ir.wei solution 
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r^BLr 4 A COMPARISON Oh THE OBSI RVEU AND CAECULAILD INITIAL 
RCTIS EOR Till II(IV) — U(VI) r\C HANC.E REACIION IN WAIER- 
E I H> I I Nl (■! YC OL MIX! D SOLVI NTS AT 25 C 


ILKIV)] 

[Li(VI)l 



al, 


U)' 

10- 

|H 1 

10' 

10’ 

Deviation 

(M) 

(M) 

(M) 

(M nun ') 

( M min ') 

1 ("„) 

^ 7x1 

( 079 

90"„ 1 ihyltnt glycol 
0 1216 13''40 

14 49 

8 1 

X 751 

1 079 

0 2148 

5 89 

6 24 

5 9 

X 751 

1 079 

0 3544 

3 49 

3 59 

2 9 

1 896 

1 344 

0 1 322 

9 92 

8 09 

18 1 

I 896 

2 ni 

0 1323 

14 56 

14 05 

3 5 

1 896 

3 323 

0 1324 

18 84 

20 00 

6 2 

0 918 

1 167 

0 1 654 

3 43 

2 44 

28 9 

1 792 

1 699 

0 1 799 

13 24 

14 26 

7 7 






A\e 8 9 

1 875 

1 034 

(i0"„ Fthyicnc glycol 

0 2619 2 65 

2 65 

0 0 

1 875 

1 034 

0 1957 

3 94 

3 28 

16 8 

1 875 

1 034 

0 3354 

2 02 

2 34 

IS 8 

0 938 

1 012 

0 1993 

1 SI 

1 58 

4 6 

2 813 

1 057 

0 2105 

4 I 1 

4 74 

15 3 

3 75 1 

1 079 

0 2148 

5 18 

6 34 

22 4 

1 875 

1 034 

0 1173 

6 54 

5 75 

12 1 

1 875 

1 034 

0 1 320 

5 20 

4 95 

4 8 

1 875 

1 034 

0 1516 

5 27 

4 22 

19 9 

1 875 

1 034 

0 1122 

5 59 

6 09 

8 9 

1 875 

2 024 

0 1123 

1081 

1 1 92 

103 

1 875 

3013 

0 1124 

16 69 

17 75 

6 4 






Ave 1 1 4 

1 806 

0 790 

90",> tthylene glycol 

0 1269 7 62 

7 75 

1 7 

1 806 

0 720 

0 1 858 

8 49 

8 38 

1 3 

1 806 

0 720 

0 2646 

9 29 

9 49 

22 

1 806 

1 395 

0 1858 

12 99 

13 58 

4 5 

1 806 

2 070 

0 1 858 

18 57 

18 69 

06 

I 806 

2 746 

0 1858 

23 30 

23 80 

2 1 

0 902 

0 698 

0 1965 

3 09 

3 46 

12 0 

2 708 

0 742 

02114 

13 73 

15 73 

14 6 

3 612 

0 764 

0 2189 

23 12 

24 59 

6 4 


Avc 5 0 


98“,' F Ihylcne glycol 


1 815 

0 723 

0 1904 

7 68 

7 20 

60 

1 815 

0 723 

0 2694 

6 36 

6 03 

5 2 

1 815 

0 723 

0 1272 

9 48 

9 17 

3 3 

1 815 

1 402 

0 1272 

16 02 

17 78 

11 0 

1 815 

2 081 

0 1272 

23 32 

26 39 

13 2 

0 907 

0 698 

0 1215 

6 08 

6 1 1 

0 5 

2 722 

0 742 

0 1362 

12 48 

1 1 87 

4 9 

3 636 

0 765 

0 1416 

14 59 

14 58 

0 1 






Ave 5 5 
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Rate laws for the U(IV)-U(VI) exchange reaction 

jn the rate law However, since the rate of the reaction increases it is necessary to 
determine different values for A,' and A , 

Graphically A/ and A;, were determined to be 3 23 - 10 moles I » mm ' and 
9 70 10 '* I moles ^ min lespectivcly f-rom these values of A,' and A„ the rates 

htive been calculated and arc tabulated in Table 4 4 he *iveraac deviation of R from 

o caK 

IS 1 1 1 4 per cent 

When the ethylene glycol composition is incieased to 90 vol per cent the order 
with respect to acid changes from negative to positive which indicates a major change 
in the mechanism Also, the rate of the reaction incieascs about one hundred-fold 
This increase in rate indicates that some much faster reaction paths have become 
important 

The following rate expression can be v riltcn 

R A,[U' ][UO/ J A,[LI‘ ][UOOH’ ] A,[IJ' J-’ A,[LJOH^ ][UOOH* ] 

( 16 ) 

By using Ecjualions (2), (3) and (1) and making the assumptions that A, [H ] 
and Aj[M ‘] I the following equation is obtained 

R Ai[l)(IV)][U(VI)] A,'[U(1V)][U(VI)][H j ^ AJU(IV)p A';[U(IV)][U(VJ)] 

(17) 

wlieieAj' - A_j A', and A k^K^K^ 

Graphically, k^. and A, and A, ' A,' were determined to be 9 26 10 * 1^ 

moles ^ min 9 27 10 ’ I moles ' min ', and 2 39 10 1 mole ‘ mm 

lespectivcIy Using these values of A/ A, and Aj A,' the rates vvcic calculated 
and ate tabulated in Tablo4 The average deviation of 7<^^,^from is 5 Opci cent 
Auain, fiom the 90 vol pci cent organic solvent to the 98 vol per cent organic 
solvent, there is a sharp decrease m rate Pcihaps this shaip deciease is because of 
solvent taking part in a solvolysis 

The experimental data from the 98 vol percent ethylene glycol can be accounted foi 
by the following rate expressions 


R A,[UO.- ] A,[UOCH, CHpH’ ][U(V ] (18) 


I he species [UOCH, CH^H* ] can be detemmed fiom 
constant 

[UOCH, CH,OH> ][H ] 

[17' j 


the following solvolysis 


(19) 


With Equation (19) and assuming [flO,- ] s; [U(VI)] and A,, 
late law is obtained from equation (18) 


R A,[U(V1)1 


, [U(m][U(\^] 

^ [H r 


[H ] the following 

( 20 ) 


'vhcreA/ A.A^ 

Graphically. Aj and A,' were found to be 4 44 10 ’ mm ' anti 5 78 10 

icspectively Usinit these values ol Aj and k> the rales have been calculated and are 
tabulated in Table d The average deviation ol Ironi is 5 5 per cent 
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The observjtion that the tales iii ethylene glycol-water are slower than those in 
ethanol water by two to four orders of magnitude is attributed to the chelation of 
the uranium ions by the ethylene glycol molecules This chelation could create a 
tightly bound solvent shell around the ions and make exchange more difhcult 
Considering this chelation (actor, the rate laws for the ethylene glycol system arc 
not much dillerent from those for the ethanol system 

4 ( crone- It arei 

Mil ION el al have studied the U{!V) U(V1) electron exchange reaction m 
‘^0 60, and 90 vol pei cent acetone watei mixed solvents, and their data are used m 
this discussion The orders weic once again nonintegral as is shown in Table 5 
In the (ollowmg discussion r.itc laws are pioposed for the .10, 60, and 90 vol pci 
cent iicctone watei solvents The same assiimpticms aie made on the values ol A, 
and A, as were made in the ethanol- water discussion 


lAHirS- SPFCIEK RATFIONSrANI AND ORDERS Ol U( 1 V), 
U(VI), AM) H (N VARIOUS AdlONE-WAIER SOLVEM 
MIMI'RES 


Vol 

Acclonc 

1 KIV) 
Order 

L'(VI) 

Order 

H ' Order 

k 10- 

to 

1 2S 

] 0 

1 85 

1 465 

(■)() 

1 It 

1 l.t 

2 85* 

2 SOS* 

•JO 

! 47 

0 59 

( 1 0)t 

1 17 

2 780 

* H cone 

above 0 I 

M 



1 H " cone 

below 0 1 

M 




For the 30 vol per cent acetone water solvent the following rate expression can 
be written 

][UOr ] (21) 


( 22 ) 

[H ] as well as Equations Cl 

AJU(VI)][U(IV)P ,,,, 

([H']' 1 

where A, = A,' A", A'j and A, = A,' K^^ 

Graphically, A,, A^' and were determined to be 3 8 ^ 10 moles 1 ' mm 
7 0 ' 10 ^ 1 moles min ', and 5 8 ^ 10 ^ mm respectively Using these vah' 
the rates have been calculated and are tabulated in Table 6 The average deviation > 
from is j 8 2 per cent 


R A,'[UO,OH ]{UOIU ] A;[UOr ][U' ] ‘ 
Using the following equilibrium constant 

[U,(OH)/ ] 

and the assumptions that [U_,(OH)/' ] is small and 
and (3), Equation (21) can be rewritten as follows 

A,[U(V1)][U(IV)] a;[U(vi)][U(iv)][H'] 

[H ](/^i , [H^]) ’ K, r [H ] 



Rate laws for the U(IV) IJ(VI) exchange reaction 
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Tahi I 6 — A c OMPARisoN or Tiir (tiisrRvri) am> tai c hi aii d ini iiai 
RArrs K)R IMF U(1V) L'(VI) rxr iixMiF RPAt non in wailr a( i ione 
MIXM) V)l VFNIS AT 25 C 


[U(iv)] 

IVUVD] 





10' 

10' 

(H 1 

10' 

10- 

Deviation 

(M) 

(M) 

(M) 

(M min ')(M mm ') 




10",. Acetone 



2 11 

I 05 

0 1077 

8 44 

951 

127 

2 11 

1 05 

0 0912 

1081 

1 1 42 

5 4 

4 27 

1 05 

0 0912 

25 19 

27 02 

64 

2 13 

1 05 

0 0797 

11 17 

14 05 

67 

3 39 

0 926 

0 0528 

44 80 

41 46 

74 

2 42 

1 85 

0 0574 

52 85 

48 12 

90 

2 42 

1 30 

0 0574 

33 49 

13 81 

1 0 

1 45 

0 926 

0 052X 

16 74 

14 16 

154 

4 16 

0 926 

0 0528 

61 02 

^7 00 

9 5 

1 45 

1 30 

0 0528 

20 21 

21 II 

44 

1 45 

0 370 

0 0528 

6 48 

6 05 

6 6 

1 45 

0 370 

0 1090 

1 70 

1 94 

14 1 






Ave 8 2 


60 

, Aceume ( Acul OIM) 


1 451 

0 1704 

0 1099 

9 86 

9 87 

0 1 

1 451 

0 1704 

0 1 142 

6 30 

5 95 

5 6 

1 451 

0 1704 

0 1 1 36 

11 37 

12 24 

7 7 

1 453 

0 3704 

0 2121 

1 91 

2 05 

7 3 

1 451 

0 3704 

0 1414 

5 46 

5 04 

7 7 

2 977 

0 5414 

0 1443 

17 89 

27 72 


1 970 

0 5814 

0 1468 

26 62 

49 04 


0 4945 

0 4484 

0 1474 

0 988 

0 931 

5 8 

0 9889 

0 4674 

0 1488 

1 06 

2 98 

2 6 

0 9924 

1 1760 

0 1492 

10 22 

8 74 

14 5 

0 9924 

0 8969 

0 1492 

5 44 

5 70 

1 8 

Ave 6 2 



„ Acetone (Acid OIM) 


1 451 

0 1704 

0 07859 

16 36 

16 67 

1 9 

1 453 

0 1704 

0 04713 

11 81 

12 1l 

4 1 

1 451 

0 3704 

0 04017 

12 04 

i2 00 

0 3 

1 451 

0 3704 

0 07457 

14 62 

16 01 

9 5 

1 451 

0 3704 

0 07457 

15 IS 

16 01 

5 7 

Ave 4 1 


0 2808 0 07191 

0 2808 0 07191 

0 2808 0 07191 

0 2808 0 2549 

0 2808 0 1918 

1 127 0 1046 

0 5616 0 0828 


90 AccIoik 
0 1185 00806 

0 2015 0 0448 

0 01962 0 310 

0 01962 0 617 

0 01962 0 5S6 

0 03758 ^029 

0 01892 0 962 


0 0804 0 2 

0 0445 0 7 

0 109 0 1 

0 625 I 1 

0 521 0 

4 051 11 8 

1062 10 4 

A\e 7 6 
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When the acetone is increased to 60 vol per cent a rather strange effect is observe<) 
Below an acid concentration of 0 1 M the order with respect to hydrogen ion ^ 
positive, but above 0 1 M acid the older with respect to hydrogen ion is almost a 
negative thice This indicates a definite change of mechanism in the legion ofO I M 
acid Unfoitunately, no U(IV) or UfVf) dependence data were taken in the region 
below 0 1 M acid Unless otherwise stated the following discussion lefcis to the 
region abo\e() 1 M acid 

Die following rate expicssion reproduced the experimental data 

R A,[UOH>'][UO,M t A,[U,(0H),'’'][^J0,0H'] (24) 

On using fquations (2), (3), and (21) and the assumptions that tfIjfOH)/ ] is small 
and k, [H J. the following ec]uation is obtained 

A,'[U(iV)J[U(VI)] A;[U(tV)]^[LJ(Vl)] 

[U ] ( A', ([H J I A',)^[H'] ^ ' 

wheieA,' -:A,AjandA,' -A_,A,“A^A,, 

Giapfnc.illy, A,' and A>' were deteiinined to be 2 88 10 ’ min ' and 1 86 

10 ’ moles I I min lespcctisely By using these values the rates were calculated 
and arc tabulated in Table 6 m the hist part of the 60 vol per cent acetone data 
The runs with [U(IV)] 1 5 10 - M do not lit the rate expiession and it has been 

assumed that at high concentrations of U(IV) the mechanism changes Excluding 
the luns with [IJ(IV)] 1 5 10 M, the average deviation of R^^,^ from is 

6 2 pel cent 

In the second section of the 60 vol percent acetone data tabulated in Table VI is 
the compaiison of with R^,^ for the acid concentration lange below 0 1 M 
The Kites were calculated from the following rate expression 


R 


A'l [Udvjj [U(VJ)] [fU] 


A, [U(1V)] [IJ(VI)1 

[H']“ 


( 26 ) 


where A , and A 2 are 37 I - moles - min ' and I 2 10 ■‘moles! 'mm lespcctivdy 

The avciage deviation of A, ,,, from A,,,,,, is 4 3 pei cent 

The following rate expression can be written for the reaction in 90 vol pei cent 
acetone 

A -Wij[UOH'>‘][UO,- J - A2[U0H*'][U0/)U ] ! A,,[UOH''']" (27) 

Assuming that IS small, A"| [H^j, and AV [H '], and using Tc|uations 

(2) and (3), equation (27) can be written as follows 

„ A/[U(IV)][U(VI)] A-;[U(1V)] [U(VI)] , A-,'[U(IV)]^ 

' “[TTI^ 

where A^' Aj Kj, k,' -- Aj k\ K.,, and kj A', 

Graphically A',', Aj' and A / were determined to be 4 10 10 ‘‘‘min ',641 10 ' 

mole 1 ' mm *, and 3 68 ' 10 ' mole I ‘ min ', respectively fn Table 6 are tabn 
lated the rates calculated by use of these values for A,', AT and A,' The avera'’ 
deviation of A, from A,,,,, is t 7 6 per cent 

In general, the rate laws for the acetone-water systems cannot be conelatol 



Rale laws lor Ihe L'(IV) l'(VI) c\chjni;c reaction 
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very well with themselves or othci mixed solvent data This may be partly due to 
the reaction between acetone and acid The main diHerence in the acetone water 
system as compared to the cthanol vvatcr system is that in the former the specific 
velocity constant remains nearly constant through 90vol pci cent organic component 
while m the latter it increases by lOOO-told 

( ONC I USION 

The rate laws and therefore the mechanisms in the three organic water mixed 
solvent systems depend on the per cent of organic component as well as the particular 
oraanic component The dependence on per cent organic component changes 
ladically between 90 and 98 col per cent organic component because of the entering 
of the organic component into the mechanisms by solvolysis Solvation as well as 
dielectric probably has an ellect on the rate of reaction m the various organic water 
mixed solvents 




Noils 


ni 


ad\ant<ii;cs over wuikjng with BiCl as slilIi it obviates tlic need to piepare solutions exactly ec|ui- 
iiiolar in bioniinc and ehloiine and the excess of bromine rediiees the coticcntiation of fiee chlorine 
loinied bv dissociation of BrCI to a very low value 

[tiomine solutions were pie|saicd by making stoiehiomclnc mixtures of potassium bromate and 
lIBi in 2N pLiehloric acid solution The chlotinc was taken fioni part-emptied cyiindcis (ex I C I ) 



kV 


wavelength 

I to I 1 xiiiistion coe'llieients Versus waxcleiieth (in/i) Measiiied 
111 2N peichloiic acid solution 
• Br> 4 HiCI, Cl, 


I he total halogen concenti alum was nieasuied lodometi leaily using N,50 ihiosvilphate Absorption 
mcasiiienicnls weie made on a LJnieim SP 500 Spcetrt'photometer lOem cells w le used lor 
wavelengths giealer than 450 mn and I cm eetls below 450 mn At wavelengths greater than 500 mn 
ihsoi ptitni was loiind to he due entirely to bromine and thcconccntralit'n ol bromine in each solutuin 
was ealetilattd lioin measurements made between 550 and 500 mu using lOem cells At shorter 
wavelengths the total absorption (a) is given by 

II til,, |[Brr l](/ , (|ir lBi,lii' (I) 

w lieie ( II, 1 1 and t|,j , are the extinetion cocllieienis ol BrC I and Br. and d is the length of the absorption 
eell It the total halogen eoneenlialion is C, then 

[BiCl) ( [Br,] 

whence the .thsoi ptiv ity, 

<1 l»r) 

4 ( (/ ^no 1 ^ (rii,_ eeni) (2) 


for eaeh wavelength the plert ol absorptivity against [Hr_],'( is a stiaight line, the inleieept being 
eejiial to f II,, , 1 |,e evtmetion eoetlicients leii BrtI so obtained are shown in fig 1 1 he evlineln'n 

eiiive has a peak at the wavelength lepmled by Pungoi, Buigei and Sehulek as giving maximum 
ahsoi plion ( 141 m/i) 

r ig 1 also shows the exfmetion eiirves loi aqueous Br, and C'l_ The lattei was obtained irom 
measLiicments made on solutions of ehlorine and chloride mns m 2N peichlorie aeid the extinction 

"(i /iMMi RMAN and r C' SiKOM. J tnu’i C luin Sor 79, 206 ' ( 1 4‘'7) 
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ANION EXCHANGE OF METAL COMPLEXES XIII 

THE ACTINIDh(lll) NITRATE SYSTEM"* 

Y Marcia eind M Givom 

Rdtliocheniistry Dcpdilrneiit 
Israel Atomic I iKii;y Commission, 

Soictj Rcscdich Fslahlishmcnt, 

Rchosot Israel 

and 

R CuoppiN 

Department ol Chemistr) I loruia Slate L'nnersily 
Talahassee I lo , U S A 

( Rr ( ( n < </ 24 Janiuii i I 

Abstraet Aiitern csehanj^e tlisti ibution data vsetc obtained lo’ a number ol tnsalent aelinide ions 
(Pti Am, Cm, Bk Cf and I s) m lithium nitrate solutions The distribution coelheients are compar- 
able' Viith those ol the lanthanide group so that no gn'tip sepai.'iion is possible, but within the 
aelmidc group an elTieieiit sepaiation ot mier.eium and euriuni was lound l:\traetion behaviour 
by Umgeham eimiiies tollowed that of the liitithanielcs, but in reverse atoniie numbci order A second 
power dependetiee ot distiibution eOelTieients e>n amine ev'iieentration was lesund 

A siHDY of the anion exchange behaxioui of the' liivale'iit actinides in mtiale is 
intcicsting, particularly in the light of the anomalous behaviour shown by the 
coi lesponding lanthanides A general tiend ol decreasing distiibulioii coenicients, 
D, with increasing atomic niimhcis / h.is been found lor the latter senes, which 
coiiesponds to D increasing with the ciystalliiie ladiiis (t) This trend is rcvcised, 
however, on going from lanthanum (/ 1 06 A) to adinium (/ -) 11 A), as pointed 

out by Danon*", who picdiclcd the absoih.ibility older Ac Pii (III) Am, based 
on the mcagci data then available A fuithei anomaly, the od ‘-even ellect found 
loi the lanthanides should be even mote impoilant in the aetmide senes, if it is 
due, as presumed, lo ligand-hcld elkcts, which should be moie impottant with V 
than with 4/ elections The extiaction ol the tnvalent actinides by tri-n-butyl 
phosphate"’ does show' a lower extiaetabilily tor ciinum 5/ than expected from 
I he- smoothly changing ionic radii An odd-c\cnZcOccl although not similar m detail, 
has also been found in the anion cxch.ingc distribution cocH'ieicnts of lanthanides and 
ictinidcs in concentrated lithium ehlondc"' and ammonium thiocyanate 

Previous repoiis on the anion exchange ol the liixaleiit actinides mainly stressed 
lhal unlike the highei oxidation stales, they are not absorbed from mtiie acid,"’ 

" Based on Isiael Aloniic t nciev Ctvmmission Rtpoil l\ October 1%2 by V Mxrcus and 
M CjivoN and cummumcalions fiom Ci R C'liorPis 
V M^Rc IIS and I AHRAiiAMiiiy luon' \iu/ Clum 22. 141 (l‘)M) 

I Danon J Iiioi^’ .\i«/ CIuiii 7 , 4"’2 ( I ' 158 ) 

' I Bisi E Hisioko. and M A C MiKvv J Inm;; \ti<l Clum 12, nb(l959) 

• K Hiiui.R G GuiMAiMiR.md M S Gik'I's J Inur.,- Nm/ C Iwm 17, Isp (191)1) 

' I R SurisJr and G R Ciioi’I'IN J hum' \ii<l Clum 4,62(1957) 

' R F ButiiANAN and J P t vris Cotiftnmc on L si <>/ hiulioisoropes m /Vnvro Science and 
Indiisii 1 , 7 Copenhagen paper R 1 C C'; 171(1 ') 60 ) 

145 -' 
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allhough absorption From concentiated lithium nitrate solutions has been demon- 
strated ^ Quite similarly, the distribution toellitients of plutonium (III) and 
ameiicium between dilute solutions of a long chain amine and nitric acid have been 
found to be negligible*"* whetcas extiaction from low acid high nitrate solution-, 
was appieciabic It may thus be anticipated that signihcant results would be obtain- 
ed foi the disti ibiition coelTicicnts of the trivalent actinides in both anion exchange 
and amine extiaction fiom lithium nitrate solutions 

I XPt.RIMlNlAL 

-’"'Pu and were ohlame'd Inun ORNI , and -‘‘Cm -'“Bk, -’'♦Cl .ind '"‘rs weie 

kindly supplied bv Drs B B C l'nnisi.ham S l-RiinandJ C Wahi man, 1 awrenee Radiation 
Laboiatoiv Beikeley I ilhiam iiilialc se)liilieins we'ic kepi slighlly aeid (about 5 mM HNOi)loauwd 
hyiliolysis The amines used weie tn-iso-oelylannnc ( I lOA) diluted with xylene, and AlamiiiL 
G6, a C, C tcMiaiy inline diluted with loluene The' resin was Dowex IXIO in niliale loim 
100-200 mesh loi Ihe ec'limiiis SO l(K) mesh for the baleh experimenls bill dilleienl balehes ot resin 
weio iisid 111 I loiida m Beikeley and in Israel 

\nioii exeliange d.ila were obtained by eolumn elutions al 87 as prexiously described."'’ eseepl 
loi some data on anierieium and all data for plutonium (111), whieh were obtained by bateh ce]iulibi i 
lion at room lempeiatuie Relative toiiteniraiions in liiliium nilraie sokitions were oblaiiied loi 
Pii Am Cm Cf and Fs b\ y-eounting after dilution, extraction with tO per cent Alainme C'b m 
toluene ot co-piecipilation with -i small amounl of 1 aF,, to avoid sell-absorption by deposits on 
the eoimimg plates ' 'Cf was also deteimined by spontaneous fission eountiiig, while a w-indowless 
pioportional eounier was used lor the soil betas ot -“’Rk Pluloniuni was equilibrated inside speeiro- 
pholonieter cells,"'* and was kept al the ) oxidation slate by 15 niM hydrarinium nitrate holli 
111 the aqucenis phase and in the resm, as found by sequential parlial desorption when the ae|ueoiis 
phase w<is diluted stepwise The speelrophotomctric results agreed well with x-counling data 
The loading of the resin with plutonium was kept below 1 pereeiii 

The amine cxlraetion equilibrations were made at room temperature by shaking prc-equilib- 
rated diluted and nculraii/ed amine wiih aqueous lithium nitrate solutions Distribution eoellieieiiK 
were ealeulated from the decrease m the -x-aetivily in the organte phase ihc tracer being imUally in 
this phase 


RrSULT.S 

Anton exchange volume distribution coefficients for Pu(MI), Am. Cm, measuicd 
in Israel, Cm, Cf, and Cs measured in Berkeley, and Am. Cm and Bk measured in 
Honda are shown in Fig 1 as function of lithium nitrate molality Weight dis- 
tribution coefficients obtained lor plutonium (III) and ameiicium weic divided hv 
2 2 ml/g. the specilic volume of the resin, to obtain volume distribution coellicieiils 
(variation of the specihc volume with salt molality were neglected) The values loi 
Cm obtained with the various batches of resin by workers m various laboratonee 
are seen to agree well Those for Am, obtained by CitoppiN in Florida, arc however 
lower than those obtained by Marcos and Givon in Berkeley and Israel The dis- 
agreement between the two sets of data is not fully understood, but cannot be asciihcd 

* The sample contained some '’'Cf and ‘ 'Cf, which caused a slow growing-in of '■'’Fs 

Y MARcesandF NllsoN.y Ph\s Clicni 63, 77 (1959) 

H H Lioyd, andR H Llu/h, USAFC Report CF~6(T 3-23 (1960) 

S Adak. R K Sjohlom, R F BARRrs, P R Fiflds, F K Huerr and H D Wiison,7 

Nuc/ Chem 25, 447 (1963) S Aoar Private communication 
"" W b KtDtR J C SnrpPARD and A S Wilson,/ Inoii; NucI Chem 12, 327 (1962) 

C F Coleman, U S A t C Report TID- 7607 (1961) 

Y Marcus, Israel AFC Report R 20(1959) 
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error 5 mce the tcparation factors „crc rcproducbic both cases It tmght be 
clue to htgh »n,.t,v, y to ae, titty, and shgbt ddfcences equ.hbr.um concentration 
of, nine aetd the two sets of data In fact, the result! ol Am obtained by CtlonPiN 

Lxms", i'*'" ■“ 5 "'M UNO, Ibatch espnnnenis) 

c c m ^l* u were obtained a, 
I 2 mM HNOs (batch experiments and eiiilions) The distiibulion of Cm seems 



Fic, 1 Volume disinbuiion coe(licii.nts loi ln\alt.ni Jetmideb on Do\vc\-l \s 
lithium nitrale molaht) # I’u batch expeninents spcclrophotomclrv , Pu xame 
experiment's radiometric determinations \m calci latcd Irom bate, experiments 
Am Irom ref ( 9 ) a Am, column elutions 2 mM HNO, Idala Irom Israel) ▼ Am 
column elutions, probably 5-10 mM HNO,""' (dn.i Irom Honda) Bk 

Cl ■ Ls 


to be less sensitive to acid concentiation The considerable gap between the curves 
loi americium and curium suggests cfhcicnt scpaiations between these two neighbour- 
ing actinides, two examples being shown vn Fig 2 

F)isti ibution eocflicicnts of Am Cm Cl and Fs between solutions ivf tertiarv 
amines in aiomatic diluents and 7 5 ni laNO, aie shown in Fig a Dat.i foi Pu(lll) 
could not be obtained even m tlic picsence of iion(ll) sulphamatc hydra/mium 
nitiale and other reducing acents which though sullicicnt to keep the plutonium in 
the ' ti oxidation state in lithium nitrate solutions could lun prevent the oxidation 
"1 the amine phase, as show n by spectiophotomcti ic evidence " Dat.i were obtained 
dso for other lithium nitiatc conccntiations ancl the distiibution coclhcients were 
I oLind to increase with me ic.isini! concent i .ition as loi the a mo n exchange resin (Fig 1) 

" M Givon, Y MARCDsaiidl Ahraiumik ( 1 1 ' ho published ) 
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column volumas 


Fill 2 — Scptiralion of ameiicimn ami 
ciinuin on a Dowes 1X10, 100 200 
mesh column. 0 012 em^ Lross-scelion 
7 1 cm long hluant flosv-iate 1 2 
Lm/min temperature 87 C aeidiiy 
2 mM UNO, 


~r 


FiCr 3 -Disinbulion eoefficicnts of l:s 2 
Cf , Cm , and Am , 1 , between Alaminc 
336 nitrate in toluene (open symbols) or tri- 
iso-oetyl-ammonium nitrate in xylene (lull 
symbols) and 7 5m lithium nitrate solu- 
tions, as function of amine concentration 
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DISCUSSION 

An obvious conclusion from the data is that the actinides behave, on the whole, 
very similarly to the lanthanides Thus the slope of the log- log plots in Fig 3 is 
t 2 00. as found for cerium, europium and lutecium, signifying a species RaMlNOjjg 
,n the organic phase [R (C«H„),NH', M" actinide cation) The order of 
increasing distribution coelTicients for the three lanthanides follows the order of Z 
whereas the reverse occurs with the actinides, the order for amine extraction being 
Cs Cf Cm Am For the anion exchange distnbiition, the distribution coeffi- 
cients for lanthanides'-' and actinides are plotted \s Z for 5 ni LiNOj in Fig 4 


90 92 94 96 98 100 



Fk, 4 — Volume slisiiibiiuon coclhtitnis lor iiivalcni actinides and lanihanidcs on 
Dowes I (or 5 m lilliium iiilraic \s / the atomic number lanthanides (lower 
.ihscissa) • actinides (upper absciss.i) 

The value for acliimini was taken from Danon s work The order of the elements 
Am . I’ll Ac follows that which was predicted by Danon ' ' The character of 
trend in from Pu to Es is quite dillerent Irom that horn Sm to Ho Considering 
the uncertainity in the relative D^ values for the elements Cm. Bk, Cf and Es- 
individual values having errors oi _ 10 pci cent— no even-odd effect can be seen 
for this set of four elements Howcvci, the slowly increasing trend from Cm to 
ts (separation factor approximately I 4) is opposed to the trend with the preceding 
elements Pu and Am The features of the overall tiend for the values from anion 
exchange for Pu to Es are different from those obseived with TBP extraction from 
nitric acid,'" and are lathcr the opposite from thevse observed with anion exchange 
from lithium chloride'" and ammonium thiocyanate''’* solutions 

If one considers only the ions Y’Ty' ), L.i’ (4/ ). GcF'(4/'), Lu** (4/*'*), Ac'^ (5/" ) 
and Cm*'(5/'"), there should be no interference of ligand field effects, which may cause 
the odjd even Z effect The distribution coefficients should then be a smooth function 
of the ionic radius, which alone should determine the electrostatic interaction 
Indeed, for 9 m LiNOj a plot ot log D vs r, produces a smooth curve except for 
uctinium, which behaves like an ion with a radius 0 09 A smallei (Fig 5) On going to 
lower concentrations, however where invasion of the lesin is smaller, and the two 
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phases are less alike. The data seem to split into different components for the lii,' 
sixth and seventh period elements (Fig 5) 

It is also difficult to correlate the anion exchange results with known mti 
complexing in solution For the lanthanides the anion exchange log D \s Z pattL, ,i 
reproduces the log vs Z pattern obtained from cation exchangej^*** where A., is 
the equilibrium quotient for the reaction M-*' + NOj' , '' For the actinid. , 

the complexing data are more restricting, the values log Aq = 0 77 for Pu{f|/),i' ' 
log A[ - 0 60 for and log Aq - 0 57 for Cm**®* having been published 

The order here does not agicc with the anion exchange absorbabilities (Fig 4) 



Fig 5 — Volume dolribulion coefficients for tnvdlent Y(3/"), La(4/“), Cjd(4y 
Lu(4/'‘) Act?/") and Cm(5/’), as function of crystalline radius, for 3 and 9 m 
lithium nitrate The dashed circles are the values for At for 0 09 A smaller radius 


Flowever, these values for Aj, precise to within | 10 to J;20 per cent, need not 
bear a direct relation to the anion exchange distribution, which probably involscs 
anionic complexes Trends in association constants are known to vary when 
complexing proceeds with more and more ligands 

The results of studies on anion exhange of lanthanides and actinides in concen- 
trated lithium nitrate*^'®* or chloride*®* have unfortunately raised more question'' 
than they have solved Study of (x-emitting nuclides in concentrated salt solutions 
are rather difficult experimentally so that precise absolute, or even relative values 
of the distribution coefficients are hard to obtain Since the addition our knowledge 
of the physical chemistry of concentrated salt solutions and ion exchange resins 

(HI W Ft Zachariasen, The AennuJe Elements (Edited by G T Sfaborci, and J I 
Chap 18, McGiaw-Hill, New York (1954) 

J Danon, Private communication (1962) 

1171 y g Shfvchfnko, V G TiMOSHFV and A A \olkova, Atomnaya Tnergtya 6, ‘Ml 

I A Lfbeoev, S V Pirozhkov and G N Yakovlev, Akad NaukSSSK Ordena Lenina I'O 
Atom Energ 1960 (English translation USAEC Report AEC-tr-4275) 
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in equilibrium with these solutions is so incomplete, more than a qualitive inter- 
pretation of the results cannot be ventured Ligand-field effects may be the cause 
of the baffling even -odd Z effect, and the difference between the actinides and the 
lanthanides 

4 ckno»k'di,'ements — Wc would like to thank L Cohin and H Ackirmnn (Israel Atomic Energy 
commission) and E Meyer and W Campbiii (Florida Slate University) for their technical aid in 
obtaining the data for the above wois Wc vsinild like also to express our appicciation to Profs 
B B CuNNlNcaiAM and 1 Fireman I awrenee Radiation Laboratory, University of California, 
Berkeley, lor enabling Y Marcos to carry out part of this aoik during his stay at the Lawrence 
Radiation Laboratory, in Summer of 1961 
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THE ANION EXCHANGE OF METAL COMPLEXES— XI* 

APPLICATION OF THE CONSTANT IONIC MEDIUM METHOD 
TO THE MERCURY HALIDE SYSTEM 

I Elitzlr and Y Mari us 

Rddiochemihtry Depariment, Israel Atomic Energy Commission, 

Soreq Research Establishment, Rchovoth, Israel 

{Received If, Afaicit 1%3, mrevnedfoun 10 Muy 1963) 

Abstract *-The applicability of the constant ionic medium method to ihc study of metal complex 
formation by exchange has been investigated, using (he mcrcury(ll) halide system as an illustration 
The distribution of mercuryfll) tracer has been measured between C molar (.NaX ) NaClOd 
solution and (RX RCIO 4 ) Dowex 1 resin, for C ^ 0 3, 0 5 and 3 0 M and X - CU, Br- and 1“ 
The stability constants for the resin phase and for the 0 3 and 3 M solutions haee been calculated 
The general applicability of the method for anicm exchange studies has been discussed 

Tiif constant ionic medium method"' has often been used to study complex forma- 
tion in solution It has been used successfully in conjunction with the cation exchange 
method*"'’ but less successfully with the anion exchange method Fronaius,*^’ in 
introducing anion exchange as a quantitative method lor studying metal complexes, 
mentioned that if a constant neutral salt medium is used, considerable anion exchange 
takes place when the ligand concentration is varied within wide limits, and the 
metal distribution will be a too complicated function of the ligand concentration 
Subsequent quantitative treatments of the anion exchange method*'’’'*) have usually 
dispensed with a constant lomc medium, and tried instead to evaluate the activity 
coefficient terms 

A detailed examination of the applicability limns of the con lant ionic medium 
method seemed desirable, because of the known difficulties with the evaluation of 
activity coefficients While this work was in progress, Tronaelis e! al *■*’ published an 
account of the use of this method obtaining the stability constants in the resin phase 
foi the cadmium bromide system, without however evaluating it m a general way 
Earlier, Sonlsson**’’ studied the gadolinium glycolaic system using a constant ionic 
medium in the aqueous phase, while permitting the resin composition to vary consider- 
ably The medium inside the resm was. thcrefoic far fioiii constant, and stability 

* Previous paper in Senes D Mavovn and Y Mvrccs J Pins Chem 67, 987 (1963) 

J N Bronsted, Fauulay Soc 23,416 (1927) 

"’F J C RosSOTTI and H DettrnwmlionoJ Swbihl, (.onslanl, MvGraw-Hill, New 

York (1961) 

S Eronaius, Sveink Kern Tuhki 65, 1 (1953) 

"Y Marcus and C D CoKriii, Bull Res ( oh/ki/ 8 A, I (1959) 

K A Kraus and F Nflson, StiiunueoJ Freciiohie Solution, (Edited bv W J Hamfr), p 340 

J Wiley, New York (1959) , 

’ s FroNAEUS, 1 LundqvISI and A SonisSeW 4cf(J cfnrn Scami 1 , 1 ( 

A SONESSON, Acta Chem Scand 15, 1 (1961) 
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constants in the resin phase could be determined very approximately, using coiista, 
for the aqueous phase obtained by another method Similarly, in the method propo,^ i 
by Wak. 1,*’ substitution was permitted to proceed over the whole mole frai.ti,Mi 
range, and it is unlikely that the activity coefficient term remained constant Iii,- 
differentiation used may therefore not be reliable Further complications are iniio- 
duced in Wam's experiments by the considerable loading of the exchanger by the 
metal used 

It does not seem possible, m a completely general way, to \aiy the ligand conaa- 
tralioii o\er a wide range and still have a constant ionic medium in the resin phast.- 
In some particular cases, however, this may be possible Namely, this is so wIkh; 
complex formation is lelativcly strong, requiring only low concentrations of tin. 
ligand, and where the affinity of the ligand for the resin is not too high, so that ih^ 
resin remains essentially loaded with the medium ions Using perchlorate ions foi 
the medium, as is usually done, has the advantage of providing the lesin with an 
anion of high affinity, competing favourably with most ligand ions This icquires high 
intrinsic affinity of the anionic metal complex for the exchanger, as otherwise distii- 
bulion coefficients would be too smalt fn cases fulfilling the above requirements, it 
should be possible to determine stability constants for both phases, valid foi the 
ionic medium chosen, and particularly also constants foi the anionic complexes, 
which may not be always reliably detei mined by other methods For other cases, in 
particular where complexes arc weak and arc formed only at high ligand concentration, 
the constant medium principle cannot be used, and other anion exchange methods*" 
should be used 

The present work dcsciibes the application of the constant ionic medium method 
to the mercury halide systems, where the above conditions seem to have been mil 
The stability constants for mercuryflt) with chloride, bromide and iodide havi 
already been measured by other methods •"* 

The values obtained by the anion exchange method may thus be compared vsith 
previously reported values 

I XPLRIMRNTAL 

Mah’iials Radioactive inucury, “'"llg, oblained from () R N I in form of a nitrate soUiiion 
was used, diluted so that the total meicury concentration was in all cases 10 “ M The icsin 

used was Bio-Rad Dowex-1 A G , 8 per cent crosslinked, 100 200 mesh It was converted lo tliL 
appropriate halide form, using hydrochloric acid, sodium bromide or iodide, after having been passed 
through the usual acid base conditioning cycles All other reagents were of analytical grade 

Methods Selectivity coefhcicnls, (X^XCIOj )/(ClO, )(X ), parenthesis dcnoln y 

concentrations, barred symbols the resin phase, and X a halide ion, were measured in cxpcnmcnis 
where known quantities of resin in halide form were equilibrated for 24 hours with known quaniiiits 
of perchlorate solutions at room temperature, 23 d 3" The cocfTicicnts were calculated from ihi- 
measured capacity of the resin, its water content (obtained by the centrifugation method)"” and 'O'- 
concentration of halide in the resin and the solution phases at equilibrium 

Mercury distribution coefficients were measured in similar experiments Weighed amouni'’ "i 

H Waki, Ghent Soc Japan 33, 1469 {I960), 34,829 (1961) 

H Waki, Bull Ghent Soc Japan 34, 1842 (1962) 

J Yoshimura, H Waki and S Tashiro, B«// Chem Soc Japan 35, 4\2 {\962) 

L G SuLtN, Acta Chem Scand 3, 539 (1949) 

Y Marcus, /I f/a G/ic/n Scand 11 , 599 (1957) 

C L Van Pantaleon Van Eck, Thesis, Leiden (1958). 

K W Pepper, D Reichenberg and D 1C Hale, y Ghent Soc 3129 (1952) 
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coellicioiits being derived bv the method eif /immikman and SiRONt.'" The bromine cxlinetion 
eiieftieie'nts vvete obtaiiieel Ironi the slopes ol the lutes eoiiespetndini; tei cejuatuin (2) anel showed 
reason ibit agieeiitenl with salues obtanieel bv the application of the Zimmirman and SritoNt. tech- 
nujiie to solutions eonlaiiiing bi online and bromide ions 

Witwnr/iA IJi I ( lapiiii "I r)< pui lint iil J R GROVt 

I hr t\\/H uiittl (Jt It I ( iiinptiin ! innud L RapiiaIL 

/ Hi \/nt t r 1*111 1 
( III shii t 


I he infra-red spectrum and structure of IjO^ 

t Iil < I II t’l/ I ^ Jiinr 1 962 ) 

\\ isi and II \SN \ n’ ' in a i eeeiit papei el iini to h leo show n tli \t K>dine dioxide consists ol eliscicte lO 
and IO| ions Since their w or k is at \ai lanee with oiir eailier anil moit extensive investigations'' ■*’ 
we piopose to discuss why we belicse Wist and IIxnnxns assignments aie wrong and biielly to 
liiapitiilate the lesiilts ol oiii own woik 

VVe leel that the leasons lor the dilleieitee between Wisi and II \nnan s results and oiii own lie 
(a) in then I iiluie lo me isuie spcclia at wave niiinbeis bclovt 65()em ' and (b) in their use ol tsfii 
discs instead ol Niijol mulls I heir lailiiio to nieistiie peaks belosv 650cm ‘ meant that they failed 
to obseise a gioup ol peaks in the 550 65l)cm ' legiitn which cannot be attiibuted lo an uneo- 
oidmated ii'datc ion \\e made up a kBi disc ol I.O, lo compaie' its speetia with oui own iiin in 
Nuiol md obsersed the tedlowing peuiUs 

( 1 ) (hell 10 band it 90s n ( 1 10“' ein ') e'ceiiiicd 111 a blank KBr disc and, we suspect may be’ 
due lo iiioisllile 

(2) the i|ualilv ol the I (), spe'etiiim obtained depended on the length ol lime the kUr and the 
l_() , wei e ground togethei before piessing into a disc I'xleiidcd milling i educed the inleiisity ol the 
peaks between 5S0 650 em 'and the disc bee, imc a deep blown in eoloiii We leel ih it this is due 
lo leaelion ol die kO, with die kill to produce KIO, and othei species 

1,0. KBi KIOj IBiO’ 

IBiO like Bi.O piesum.iblv deeon’poses to IBr and O. Other leseaich ssoikeis base stressed the 
dinger ol eseliange taking place when using KBi discs lo sludv the inlia-red spectra ol iiioiganie 
tonipoLinds 

In our piped " we repi'iled an insesligalion ol the inli.i-ied speetia ol iodine dioxide lodosyl 
sLilph,ile,( IO)_SO 1 .iiid the new loelosy I selenalet lOl^SeO, as well ,is that ol an oi game lodo-eoni pound 
known to contain 1-0-1 bridges, /(-oxo-dinitr.ilodiphenykliiodine ,/> IINI2,) O (NOi)l ,/) None of 
these compounds contained a band at 90“'," (1 10“' cm ') Apail from the siilph.ile .ind selen.ilc 
hands the leso loelos)! ee'inpounds showed hands at icspcetively 562 and 577 em ' and 557 and 600 
cm ' 1 he l-(J-l sli etch 111 the ."-oxodmiti alodiphenyidiioeiinc was idenlilied as oeciii i mg at 5,55 cm ‘ 

I he speetium ol iodine dioxide v\as inoie comphealed and is reproduced below together with those 
ol K Miit lO,), . k lo, and ( lOIjSO, , theie is no evidenee ol a band at 9 05 // 

The kO, spec! I urn can be explained hilly in tei ms ol polymei i/eel 1-0-1 ehaiiis and lO, group, in 
which the l(7j groups are linked to Ihe chains by bonds comparable m co-\alent ebaiaetcr with the 
lodate-melal bonds in lodalo complexes 

Quite apart fiom the mira-icei spectral cxidenec in favour ol polymei i/ed I-O-I groups m the 
eompounds mentioned above we considcied it unlikely that these compounds eontamed the simple 
lodosyl, lO , cation on the lollowing grounds 

( 1 ) Apart Irom the small solubility ol the sulphate and the selenale m the coneentrated parent aeid, 
none ol the lodosyl eompounds show any sign of solubility (without decomposition) in any of a wide 
range of solvents tested, inelutling those, like nilromethane, which dissolve nitrosoiiium salts This 
insolubility is surprising if the compounds arc indeed salts containing a univalent cation, and strongly 
suggests a polymeri/ed structure 

(2) By analogy with the O.,, SG, SeO, and TeO molecules, which contain the same number of 
valency electrons, the lO ion might be expected to have a ground state and hence be paramag- 
netic lodosyl sulphate, lodosyl seicnatc and iodine dioxide are all diamagnetic 

J H WtsF and H H Hannan, Z ///o/,g Miu/ C/iei/i , 23, 31 (1961) 

W ( DASFNr and T C Waooinc.ton, 7 Chew Soc (kwn/ ), 2429 ( 1960) 

'■"W I DAStNiandT C Waddini, ion, / Client Soc (ktim/ ), T750 (I960) 
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resin in halide form were eciuilibratcd with solutions containing 0 01 M perchloric acid (to prevent 
hydrolysis of mercury ions) and 0 29, C 49 or 2 99 M sodium perchlorate 1 he radioactivity of aliquots 
of the solution, separated from the resin by filtering through glass svoo) plugs, was measured in a 
well-type scintillation counter, and compar-d with that of blanks, shaken under similar conditions 
but without resin The distribution coefficients D (activity per gramme air dried rcsin/activity per 
ml solution) were calculated from these values"'" 

The concentrations of halide ions in solutions wcie determined by titration with silver nitrate, 
using the Mohr method for chloride and bromide, and cosin indicator lor iodide Halide concen- 
trations in the resin were determined after displacement with excess sodium perchlorate The results 
checked with those calculated from material balance within 7 per cent 


RrSULTS AND C ALt U1 A ! IONS 

Selei/iiity coejficienn The values obtained for wete {3 3 r 0 4) lO ^ 

for 0 5 M and (3 1 * 0 5) 10 - for 0 3 M total concentration, the fraction of restn 

in Cl-forni being in the range 0 01 T) 1 No value could be obtained for the 3 M series, 
because of the immeasurably small concentration of chloride remaining in the resin 
Although preliminary experiments indicated the possibility of a dependence of 
selectivity coefficients on the tonic strength of the solutions, no convincing proof 
of this was obtained, and for similar systems,'"'' no such dependence was found, the 
range investigated being 0(X)l-0 I M only, however The value = 0 033 was, 
therefore, used for all calculations For btomidcand iodide the values (10 + 1) s 10~^ 
and (33 5) x 10“" respectively were found for for 0 5 M total concentration. 

These agree fairly well with values in the litcralure"'' for 0 1 M solutions and w'ere 
therefore, used for all the concentrations studied Fiom the selectivity coefficients, 
values of ^ - f{X)c could be calculated (witting X (A""), the halide concentration 
in the resin, in moles per kilogram air diicd resin, and X — { \ ) in moles per litre 
solution) 

r k,\c\iic \{i-A,-\,,)] (1) 

where C is the total concentialion tn solution (0 30, 0 50 and 3 00 M), and C is the 
capacity of the resin m millcquivalent/gramme air dried resm 

Menurv distnhution The results for the nine sciies of measurements are shown 
in Fig 1 The amounts of resm and solution were chosen m such a way as to obtain 
maximal equilibrium hahde conccntiations ol 0 10, 0 15 and 0 ?5 M for the three 
total concentrations 0 30, 0 50 and 3 00 M respectively, for each halide 

As the measurements vvere made under conditions ol a laige excess of hahde over 
mercury, the only species picsent in appreciable •miounts in both resm and solution 
phases are FIgXr. FIgX/- and HgX 4 ‘'- The following equihbiia exist 

F1?X^ q- X HgX, , cquihbiium constant A, (2) 

HgXi -! 2X HgX|"y equilibrium constant (3) 

gXTI . HgX^, equilibrium constant A„ (4) 

and reactions corresponding to (2) and (3) m the resm phase, with equilibrium 


""I FutzLR and Y Marcus, Israel A T C Scini-annual Report Julv-Dcc I%1 lA 726, p 5S 
(1962) 

""I LuizLRandY Marc us.IsraclA F C Semi-annual Report July -Dec 1960 lA-620^^^ 17(1961) 

"“'H P GRtcoR.J E BmiandR A Marc us. J Awer Chen, Sor 77. .71.1 (1955) 

R M Wheaton and W C’ Bauman huhiMr Eiig/n,' Chem 43,1088(1950 
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constants and ^^4 respectively The distribution coefficient will then be given by 

2i(H«x„, “ "1 1 d 

This relation is not sufficiently sensitive to permit the calculation of all hve constant . 
directly from it Moreover, accurate values of A", and A'j4 m 0 5 NaC104 ‘-olution 
have been obtained pieviously,'^’’ and it is of little interest to redetermine them 
Rather, these values can be combined with the data for the 0 5 M senes, m order to 
reduce the number ot the constants to be determined to three the stability constants 



Fic. ] —Distribution coefTicienls for tracer mercury (II) between Dowcx-1 anion 
exchanger and halide-perchlorate solutions A chloride, ' ' bromide, V iodide, 
full symbol C - 3 0 M, empty symbol C 0 5 M, half-full symbol ( = 0 3 M 

in the resin and the distribution constant of the neutral complex between the U'o 
phases 

Making use of the reported*'*’ AT, and A'34, the denominator on the right hand side 
of Equation (5) was calculated and the function i - f(X)„ 5 (for (C ^ 0 5 M) " 
obtained 

/ -- [D(\ + K,x i /:„]/a:„ - X,X ~\- R,^X^ . ' 

The constant was obtained simply by extrapolating the data to X - 0 ValiK'- f 
,^3 and ^34 were then obtained using the following methods A plot of (A 'it \ 

,^3 as intercept and as slope, while a plot of iX * vs A ' gave R^ as slope and '' a 
as intercept The constants could be obtained also by least squares calculation " 




The anion exchange of metal complexes — XI 


1469 


these linear functions Alternatively, curve fitt,ng<i«) was applied, comparing the 
experimental curve log / vs log ^ with a calculated curve log {v | vs log r 
obtaining the constants from the position of the origin of coordinates when the’ 
curves coincide 

TABir I 






Medium 






Ligand 

Constant 

- - - 

- 

— - 

— 




resin 

-I2M) 



0 3 M 

05 M 

3 0 M 


a 

b 

Chloride 

log Kn (mig ') 

1 34 

! 0 08 

0 90 0 07 

0 70 

±0 07 





log At (M ') 

1 1 

0 1 

0 9Sf 

0 70 

0 07 

2 15 

0 07 

1 55 


log A 34 (M ^) 

2 3 

l_ 0 1 

2 00' 

1 30 

±0 07 

4 30 

0 08 

3 10 

Bromide 

log A,i (mIg ') 

3 45 

‘ 0 07 

3 15 r 0 09 

2 18 

0 09 





log A'l (M ') 

2 5 

0 1 

2 27' 

1 6 

- 0 1 

2 7 

^ 0 1 

2 1 


log A 34 <M h 

46 

0 1 

4 02' 

2 6 

-- 0 1 

4 7 

0 1 

3 5 

Iodide 

log A„ (mig ') 

5 0 1 

0 1 

4 85 0 07 

2 93 

0 08 





log A , (M ') 

3 8 

0 3 

3 67' 

3 0 

0 1 

3 7 

’ 0 I 

3 1 


log Ai 4 (M •') 

64 

0 3 

6 04' 

4 4 

‘ 0 1 

5 6 

- 0 1 

44 


Units of ^3 and ^,4 in this column are kg resin mole ’ and (kg resin)" mole respectively 
'' The values in this column have been calculated from the values in the previous column by con- 
verting the concentration units from ini'Ics/kg resin to moles per liter (.internal solution) The 
conversion factor by which or arc multiplied, 0 25, has been obtained from the water 
content of (he ecjuilibrated resin'-'' 

' From reference (1 1) 

Once the values of ^3 and ^31 have been obtained, and assuming that they are 
independent of the ionic strength of the external solution, values of and A '34 for 
total concentrations C = 0 3 and 3 0 M may be obldincd from Equation (5) by a 
reverse process to the above The constants thus obtained are shown in Table 1 

DISCUSSION 

Although the mercury halide system is relatively simple, there being only three 
complex species in each phase, the expression for the distribution coefficient*®* turns 
out to be rather complicated, and did not permit an independent determination of all 
five lequtred parameters This makes doubtful the possibility of using the constant 
lontc medium method independently on much more complicated systems On the 
other hand, the method is highly valuable for obtaining the stability constants for the 
resin phase <®> Equation (5) may, of course be generalized by considering other 
species 

It IS interesting to compare constants found foi various ionic media The para- 
nteter for adding a singly charged halide anion to neutral mercury halide to form 
the singly charged complex anion involves a ratio of activity coefficients of univalent 
■ons, and the activity coefficients of the unchaigcd molecule 

A 3 (HgX, )/(HgX,XX -) - A (E\-/virnx,-') 0) 

where A*j*" is the thermodynamic equilibiiuin constant which is of course independ- 
*^nt of the medium concentration, and the v’s are molar activity coefficients If the 
L G Sli 1 EN, /4c(a C/ie«i Scam! 10,186 (1956) 
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ratio IS taken as approximately unity, or at least as invariant with medium concentra- 
tion, the effect of changing the ionic strength of the perchlorate medium should be the 
same foi K.j, as for A'o, the constant for transferring the neutral mercury halide to the 
invariant resin Indeed, the difference log A'„ — log is found to be approximately 
independent of the ionic strength The variation of A^ (or A,) with ionic strength, 
ho\ve\er, is opposite to what is expected from the salting effect of sodium perchlorate 
on the mercury halides, measured by extraction with benzene There a salting 
constant of 10 14 was found, independent of the halide used, but here the salting 
constants are approximately 0 3 and show some variation with the halide No 

reason for this discrepancy is directly evident Another point to be noted is the 
stepw ise formation of the anionic species in the resin phase, as shown by the magnitude 
of the constants A, and This behaviour at relatively low ligand concentration in 
the resin in presence of a large excess of perchlorate ions, is contrary to that found 
when only ligand ions are present m the resin Although in the latter case the 
ligand activity vanes also, because of electrolyte invasion, it is initially at such a high 
concentration that usually only a single anionic complex predominates m the resin 
For the cadmium bromide system it has been shown*''’ that the stabihtics of the 
complexes with one to three ligands arc considerably enhanced in the resin phase 
compared to aqueous solutions The complex with four ligands, however, was 
approximately equally stable in both phases This has been connected*^’ with the 
changes of the stability of the complexes with ionic strength, observed in aqueous 
solutions The ionic strength in the resin, approximately 12 M, is however quite 
outside the range of 1-3 M, on which the above conclusion is based, and additional 
factors may be important Examination of the values in Table 1 for the mercury 
halide systems shows that as the ionic strength increases, the chloride shows a 
pronounced minimum in the constants, the bromide a somewhat less pronounced 
minimum, while the iodide show's decreasing constants with no clear minimum 
An explanation for this trend may be sought in the competing action of the screening 
and dehydrating effects of the medium The first factor should be independent of the 
ligand, while for the second, the effect for the chloiide, bromide and iodide should 
decrease in this order Thus for the more dehydratable chloride ligand, the complex 
formation in the resin should be enhanced as compared to aqueous solutions due to 
the highly dehydrating environment of the resin'"” (particularly in the perchloiate 
form) No such enhancement should occur with the relatively non-dehydiat,iblc 
iodide ion This is, in fact, confirmed by the data in Table 1. 
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NOTE 


Differential thermal analysis of some cyano anti cyanonitrosyl iron complexes^'’ 

(Ken-U'cd 6 May l‘i6^) 

THfc THERMAL dctomposition of hexdLyanolerrjic (II) and (III) compounds and of certain cyano- 
nrtrosyl ferrates has been the subject of numerous investigations These early studies were made 
under a variety ol conditions and thus report a vai icty of decomposition temperatures and products 
Only recently has there been a report of a systematic study of several of the^e compounds using the 
tcchnicjues of differential thermal analysis As part of a general investigation in these laboratories 
of reactions leading to the formation of inorganic macroniolccules, the thermal decomposition of a 
variety ol cyano and cyanonitrosyl Icrrates has been studied by ditferenlial thc^mal analysis (DTA) 
and a complementary technique, dynamic gas evolution (DCd ) 


LXPFRIMhN FAL 

Appuratits 

Ihe DTA apparatus was constructed in these laboratories A cell block was made from a 
cvlindncal nickel rod (1 9 cm dia by 6 3 cm length) with a face machined along the 

the long avis and two holes, perpendicular to the axis drilled to accommodate Pyrex crucibles (1 4 cm 

'''\?e blck ttmjLature was measured with a chromel-aluniel thermocouple inserted into a ho^ 
drilled in the centre ol the block pcipcnd.cular to the lace Ihe differential 
chromel-conslantan, held in position by a detachable spacer bar mounted on “S P 
block temperature was recorded with a Micromax S reco.dcr, the dillereniial temperature with a 

'‘"EingVas fim'shed by a 750 W Hevi-Diity combustion tube furnace fitted 

(2 5 cm by 60cm) A laboratory-built progiammer insured that the temperature of the furnace 

could be increased at a uniform latc ,Kovhcrc<>“ ' a is the detector unit and 

I he technique of dynamic gas evolution is dcwribcd cKcwlicrc 

AlTst'udL's were made with caretully dehydrated a-aluminum oxide oxygri-refniUogen 

sample size ot 0 3-0 5 g, a heating l.,H« transition In^ melting point 

i;:;::;rof a^r m mtm::,^:l:cr ^ potassium d,cbiomate and sodium molybdate 

over the temperature range 52 2 (iS7 C 

.IK A i (.RUNE Ir 10 the Giadiiatc School of Western 
Taken from the thesis submitted bv A 1 ,r ih.- denrec of Master of Science 

Reserve University in pailial lulhllmcnt ot the lequircincn.s lor the degree of Master ct 

1961 

'-'A TtRRHi,C R Acad Sci 82, 455 (IS76) ,nsaii'tS41 

ETARoandG Blmoni, F R Acad Sc. P<r/n99,‘>72 10-4 (1S84) 

CunciA, O'r/cr Chun lial 52, 20(1^22) 

Fichter and R Suter, Wr/i Chin. Acia ’ S4M9H) 

L hacks, .ILL and H J Pinck. Rr// 5or Clun, 7;,'/) 

A'PhRRLTand A Gislon, Ball Vmsterd im (1955) 

C Duval, Inorpamc Thermag.c^nmetnc 4 I . P 4^2 ((.162) 

“'G B SEifER, (a) Z/t Nc-oip Mam 5. 

W M Ayres and E M Blns. tmd ' T 

'•» W M. Wendlandt, Anal Chan Acta 21, 0 j; , 

'■>H R Felton andA A BuniuR, iaal Chen, 3«, U63 (1958) 
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Note 


Reagent s 

All reagents were either obtained commercially in reagent grade purity or prepared in these 
laboratories 

Lithium, sodium, calcium, and barium hexacyanoferrate (III) were prepared by reaction ot 
silver hexacyanoferrate (III) and the desired metal chloride, lithium, potassium, and barnim penta- 
eyanonitrosylferrate (11) by the analogous reactions of silver pentacyanonitrosylferrate (11) Inter- 
estingly enough, ethanol and tetrahydrofiiran, when added to effect crystallization, gave higher 
hydrates than when recrystallization was effected from water alone 

-Knai ssis 


Compound 


Calculated ( "„) 


Found (%) 


Fe 

Ca Ba H 

Jhc 

Ca 

Ba 

HjO 

Li 3 [Fe(CN)„] 8 H 3 O 

14 82 


14 70 

14 93 




Cai[Ee(CN)Ji IblljO 

12 86 

13 85 

12 72 

12 82 

13 58 



BaJlc(CN)c ]5 181LO 

9 61 

15 50 

10 08 

10 10 


35 45 
15 65 


Li 3 [re(CN),NO] 4H 0 

18 55 

119 

18 15 

17 85 



13 7 

Ba[Fc(CN),NO] 611/J 

12 12 

29 77 

12 39 


29 35 
29 97 



Turnbull’s Blue was prepared by the method of Wfisfr et «/'*-’ Fxccss water was removed by 
drying on the steam bath 

DTA and DGE peaks 

Peak temperatures on the differential thermal analysis curves were read at the first point of 
inflection after the curve departed from the base line Superimposilion of the dynamic gas evolulmn 
curves onto the DTA curves clearly showed which DTA peaks were associated with gas evolution 
and which were due to lattice transformation and melting further, the DGE peaks were frequently 
better resolved than the DTA peaks and allowed more exact determination of the decomposition 
temperatures 

RESULTS 

Complete results are shown in Table 1 and some representative DTA and DGE curves in 1 ig I 

Two results are immediately obvious first, water is removed at temperatures ranging from about 
80 C to as high at ISO ’C, but for most compounds at about 100 C These reactions arc endothcrniis 
Secondly, cyanogen is a common product from all these thermal decompositions and is evolved as 
the result of an exothermic reaction Since the formation of cyanogen from cyanide is an oxidation 
reaction, it seems reasonable to suggest that the metal is being reduced and that the compoumL 
formed as thermal decomposition proceeds contain the metal m successively lower formal oxidation 
states 

As a general rule, the iron (Iff) complexes decompose at a markedly lower temperature than tl i 
analogous iron (II) species, decomposition is thus to be associated with the ease of reduction of tin 
metal ion and not with any intrinsic stability of the metal-cyanide bond Both the iron (II) and tl - 


'“>H B W£ISER, W O MiLiiGANandJ B Bates, / Phys Chem 46,99 (1942) 
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Tabi r 1 
Compound 

Li3[K(CN),.] «H/) 

Nd,[re(CN)„12H/) 

K.,[l-c(CN)„] 
Cd.tFe(CN)„]j 1811.0 

rid.irclCN),,]. 18H/) 

N4jK-(CN)„] lOH.O 

K.[Fc(CN),l 3H.O 
Rii[re(CN),NHj] Ul.i 

rurnbull's Bliit 
KFe[U(CN),] xH.O 

Prussian Blue 
KFc[Fe(CN)„]>HjO 


-Thfhmolysts timpiraiukls ano f 11 \racii Risrirs 



1)1 A Peak 

CldSCOUS 

Temp ( C) 

C haraUeri'Ues 

Products 

148 

endo, s 

H.O 

240 

endo, m 


266 

exo, sp 

C.N. 

128 

endo, s 

H.O 

280 

txo, s sp 

C.N. 

340 

t\o, vs, vsp 

C.N. 

84 

endo, sh 

H.O 

100 

tndo, s 

H.O 

150 

endo, 111 

H.O 

272 

exo, m, b 

C.N. 

IIS 

eiido. 111 b 

C.N. 

68 

endo sll 

11,0 

82 

endo, sh 

H.O 

1 16 

endo, s 

lip 

216 

exo s, sp 


262 

enelsi \b 

C.N. 

(286) 

(DCiE peak maximum) 


88 

endo, sh 

HP 

116 

endo, s 

HP 

(sOO 

exo w xb 

C.N. 

100 

cndei, s 

lip 

588 

endo, w. \ b 

C.Nj 

148 

ends' s 

HP, NH: 

?‘t8 

exo, si 

C,N. 

3s2 

exo 111 

C.N . 

600 

endo XX b 

C.N, 

100 

endo. 111, xb 

HP 

106 

exx’, s b 

C.N, 

200 

endo. 111 b 

C;N, 

324 

exo, s, b 

C.Nj 

308 

endx' s 

C .N , 

470 

cxix, XX, sh 

C,N, 

M 

605 

eXO, s sp 

!N 2 

100 

endo m xb 

HP 

106 

270 

324 

380 

4.33 

exo s, b 
endo. 111, b 
exO, s, b 
endo s 
exo, XV, sh 

C.N. 

C.N. 

C.N. 

CgN2 

C.Ng 

v 

603 

exsi s sp 
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Note 


Table 1 — (cont’d) 


Compound 

DTA Peak 

Gaseous 

Products 

Temp ( C) 

Characteristics 

Lij[Fe(CN)BNO] 4H.O 

86 

endo, m 

H.O 


122 

endo, s 

H,0 


294 

endo, s 

ND 


•08 

exo, sh 


Nd,[Fc(CN),NO] 211,0 

158 

endo, vs 

lEO 


309 

endo, s 

ND 


338 

exo. sh 

C,N, 

K,[Fe(CN)5NOJ 2H,0 

92 

tndo, sh 

11,0 


120 

endo, s 

H,() 


286 

CKO, U 

NO 


306 

exo, s 



639 

endo. m 

melting 

Ba[Fe(CN)iNO] 6H,0 

94 

endo 

H,0 


180 

endo 

H,0 


324 

(DCiE peak only) 

NO 


334 

exo, vs, sp 

NO. CjN, 

K,[Co(CN)„l 

420 

endo, w, b 

2 


559 

endo, m, sp 

It 


665 

exo \s b 

C,N, 

Key endo - endothermic exo exothermic 

w - weak m 

^ medium s - strong 

sp sharp b broad 

sh -- shoulder 

V very 1 1 

- lattice transition 




Fig 1 "Concurrent DTA and DGE curves of iransilion-metal cyano complexes 
DTA DGE 

A K,[Fe(rN)J B NajtFe(CN),NO] 2H,0 C Turnbull’s Blue D KJFe(CN)„] 3H,0 

E K,[Co(CN)e] 
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iron (III) complexes are high field-low spin species, the iron (III) is readily reduced whereas the 
iron (II) species is resistant to further reduction This resistance of high field d* cyano complexes 
to thermal decomposition is expected and observed in potassium hcxacyanocobaltate (HI) It should 
also be noted that the strong, sharp exothermic decomposition observed for both Turnbull's Blue 
ind Prussian Blue at 605“ corresponds to the ultimate decomposition to iron carbide, carbon and 
nitrogen as reported by Sirt-tR''"'*' 

The cyanonitrosyl complexes decomptrse first to lose nitric oxide, then at higher temperatures 
cyanogen is evolved Formally, iron may be considered to exhibit a ' 2 oxidation state in these 
complexes, elimination of nitric oxide thus involves an oxidation of iron to a 3 state and cyanogen 
formation a reduction back to iron (II) The comparatively low temperatures (ca 300 ) for cyanogen 
evolution are consistent with this interpretation 

Preliminary weight loss studies, infrared examination of the decomposition residues, and the 
generally intractable nature of these solids indicate that stable, polymeric materials involving mctal- 
cyanide-metal bridging are formed Characterization of these residues is now in progress as is 
liirther study of cyano and cyanonitrosyl complexes of molybdenum, chromium, and vanadium 

idnowledgemem -This work has been supported m part by the Ofiice of Naval Research 
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The infro red spectra of 1^0^ ^KjMft(I 03)4 , KIOj and 
0o)jSOe ir) nujoi mu(f» 




■ * I - - . 1 I ■ ■ » I— — I 

1400 1200 lOOO 800 600 400 

I Kr I 1 lie iniM-rcd sptetia of 1,0,. K,Mil( 10|), . KK), 

<itul (lO)^SO, 111 Nii|ol mulls 

( !) Coiiiplclelv isoclcclronii. sompoiinds liavc very similar vibration Iretpiencics C hanges inchai 
onlv .ilktl these slightly Now inoksul,ir IcO has a hindamental vibration frcqULiicv of 796^111 ' 
ind so VM. might expect loi the isoclectromc lO a vibiation Ireipiencv ol about SOO' i ' or a little 
higlici 111 iiHlosyl siilpliatc and sciciiatc, and in iodine dioxide we tound that the onlv absoipiion 
itli ibiitable to the lO gioup oetiirred in the frcijueiiev lange 553 b5iS cm ' This is consideriblv 
lower than any 1 O stietching Ireepienev let alone the free|ucncv to be expected ol lO 

l^<'P(ii I iiu’iil of ( lu limit \ \V L DvstNi 

I'll Iona Uiiiiiisil\ 

H olliiii;loii, AVu Zialaiul 

L'liii i I 'll! V C /u'liinal Lahoi aloi \ T C W vooiM.ioN 

(- a iiihi iil'^’c ! lapUiinl 


A change in radioactive product distribution for recoil tritium reactions 
in the solid phase at 196 C’" 

Mosi ol the lea' oons o( recoil tritium atoms with organic molecules have been shown to occur while 
the atom still possesses excess kinetic energy fiom the nuclear leaction This additional ciicrgv at 
This research is supported by A T C Contract No AT-Ul-t)-407 

( fniiiical I ffccls of Niickai Tiamfoiniation\o\ 2 International Atomic I nergy Agency Vienna 
1961 R WoiioANc, er «/ p 83 and p 99 I- S Rowlano ef a/ p 67 
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THE nature OF THE OXYGEN-BRIDGE BOND 
IN CO-ORDINATION COMPOUNDS* 

B Jlz()Wska-Tr7i liiAmw SKA and W Wojcik howski 

Departnunt of InorganiL Chcmistiy Umvcisiiy of Wrotlau 
(Re(eirccl 21 Nunmhn 1962, m unscit Itirni I Ma\ 1963) 


7 HF electronic structure of oxygen enables it to bind other atoms by various types 
oi bonds, tonic or covalent, with the help of single electrons, or to foim n- and ir- 
donor bonds. Thus the oxygen bridge bonds aic particularly stable when the d 
and T'orbitals of the attached atoms are accessible The oxygen bridge often leads to 
a change in the electronic structure of the attached atoms 1 his change may be con- 
firmed experimentally only for paramagnetic atoms In such cases the paramagnetism 
of the metal-atoms bridged by the oxygen disappears partly or completely Jn the 
lirst series of transition elements the disappearance of paramagnetism has been 
confirmed in the products of the hydrolysis of iron*'* and in the /< oxo bis pentammine 
chromium (III) chloride *■* In the second transition series it has been observed for 
molybdenum (V) in the so-called “molybdenum blue,''" m riithemuin (IV) in oxo- 
chlororuthenatc*" and probably in our recently reported oxygen bridged complex 
of technetium (IV) 

The most convincing example of metal aiom mteiaction with the oxygen bridge has 
been discovered in the third senes of tiansition metals in rhenium (IV) We have found 
diamagnetism not only in oxochlororhenate, which is analogous to oxochlororuihcn- 
atc, but also m a whole group of rhenium (IV) complexes with organic ligands *'* 
Rhenium complexes ate therefore the most coiucnient group m which to investigate the 
nature of the oxygen bridge between metal atoms One unpaiied dh electron on each 
metal atom may be assumed for the ticatment of oxochloroihenate We have treated 
this structure as monoelectromc which permitted us to find the energy and length of 
the bond by a valency bond method, assuming the group Re— O — Re to be linear 
We have calculated**" the bond length and the cncigy for the following structures 


Structure 

Bond length (A) 

Bond energy (k cal/ mole) 

Re’' ()*' Re’ 

1 7.S 

80 

Re- O- -Re’ 

1 98 

70 

Re" -O- - Re" 

1 82 

7 3 


* P.iper presented at llie 7tli Coneiess ol Co-<'idinatK>n (. iKinisii), Stoi-kholm, 1962 
L N Mulav and P W Silwikid J iimi Hunt Sue 77, 2693(1955) 

'“’A bRNSUAW and J Lrwis, J Clntn Sne 396 (1961) IJ k / owska-Tr/i iiniowsKA and W 

WojciFCHOW'SKl, Thcoty tiiul Slnutiiir of Civiiph\ i ompouiuh Symposium W rocLiw 1962 
Perganion Press London, WNl- Warszawa in picss 
L SocCANiandR Cini I Amct ( hun Sne 76 , 4239 (19S4) 

D P Mellor y Rov Soc V S H a/o 77 , 145 (I9t3) 

''B JFZowskA-TRzrniAiowsKA J Zioi KOwsKi and M Bmuks In puss 

"" B Jfzowska-Trziiuaiow’ska and S Wajda Hull UaJ PoUm Sii 2 , 249 (1954) 

'■’B Jfzowska-Trzebiaiowska and S Wajda, /?»// 4.a</ Polon So 6.2t7(19S8) 9,57 (1961) 

B Jlzowska-Trzehiatowska. S Waida and W Wok ifoiowski Bull Acad Polon 5c/ 9. 65 
(1961), B Jezowska-Trzfbiaiowska and WoJCiK M iwsKi Bull Acad Polon Set 9, 685 (1961) 
'"'B Jlzowska-Trzfbitowska and W W'ojcir howski Bid! Acad Polon Set 11,699(1961) 
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B Jezowska-Trzebiaiowska and W Wojciechowski 


The value obtained by Morrow by X-ray diffraction is 1 86 A (private commum 
tion) and is near that, calculated for the third structure, supposing double boi 
between the oxygen and rheniums and 40 per cent covalent bonds between the rhcnip > 
and chlorine 

Oxochlororhenate K4Re^OCI|„ has £>4,, symmetry and each rhenium atom c 
symmetry like the ruthenium complex whose molecular orbitals were deduced Ia 


Dl’NIIz and Orgel In 

our 

calculations 

we have also taken into account ilic 

.symmetry of the oxygen td 

Fiom the symmetry of the atomic orbitals the followin .' 

combinations arc possible 




■^4/i 



A 


Ihn 





Vz 



/'a. 





Ps 

P. 


^ (/ 


^az 



d.z 

' Pz 



( 1,1 ,1 



^2 




e 


Ps 



cL 

Pa 

<^’2 

a 

s 

Pi 


h 

Pr 

Pa 

leading to the following sequence of molecular orbitals 


E ^ 


A F ^ 


Ten electrons of the Re — O- Re nucleus are placed in the 4|„ orbitals 

causing diamagnetism This scheme may be applied to all complexes of this symmetry, 
and, hence to oxochlororuthenatc K4Ru20Cl4„ with a cJ' electronic structuie 
as well as to the 0x0 bis pentammine chromium (111) chloride with a electronic 
structure 

The scheme fails for iron (III) and molybdenum (V) complexes where the nucleus 
may have a different structure, e g MeJ !i[Mc 

Although the scheme explains the properties of the Re(IV) complexes with organic 
acids it IS not possible to include these compounds in this category In these cadi 
rhenium atom is surrounded by fine oxygens of carboxyl or hydroxo groups besides 
the oxygen bridge, and each of them may compete in 77-bond formation The Tr-bm 1 
resonance strengthens the whole complex Under these conditions the molfcu' 1 
orbitals must be different from those in oxochlororhenate 

">J D DuNiTzandL E Oroel, 7 Chem Sac 2594 (1953) 

B Jezowska-Trzebiatowska and W Wojciechowski, Sympozjum “7i?o/-/a / j/rwAu/ra rnw < ' 
kompleksowych, Wroclaw (1962), Pergamon Press, London, WNT, Warszawa in press 
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The problem of the disappearance of paramagnetism in the Cr(lJI) complexes is 
more complicated than in oxochlororhenate Two pairs of complexes occur 

(1) hydroxo bis pentammine chromium (111) chloride (CrpH){NH,),|,Cl 5 , and 
ji 0X0 bis pentammine chromium (111) chloride (Crp)(NH,)ioCl 4 

(2) /< hydroxo pentammine aquo tetramminc chromium (111) chloride (CrgOH) 
(NH 3 ) 9 (H 20 )Cl 5 , and // hydroxo pentammine hydroxo tctrammine chromium (111) 
chloride (Cr 20 H)(NH 3 ) 90 HCl 4 

Three of these complexes exhibit a paramagnetism corresponding to one electron 
spin per chromium atom The results"’’ of our measurements coincide with the data 
obtained by Lewis and Ernshaw 



Ek, I -l^basiccyihrochlondc. It normal eylhrochlondc, 111 normal ihodochlondc 

ji Oxo bis pentammine chromium (III) chloride shows a small paiamagnetism 
decreasing with tempeiature and at 125 K changing to diamagnetism e tempe 

ture dependence may be expressed as lollows y,, OSS\([TiO) 

The investigation of the paramagnetic resonance spectra of the three bmuclcar 
Cr(n I ) complexes gives the following half width line and g values at room and iq 
air temperatures 

Tahi 1 1 


/'.ft 

111 BM K 


84 K 


// hydroxo bis pentainmitK 
chromium lit chloride 
/f hydroxo pentammine 
aquo tetramniine chromium 
tit chloride 


1 85 

1 98(1 


2 2f> 

2 009 

2 04 

2 1 

1 99^ 

2 01 


// hydroxo pentammine hydroxo 
tftrammine chromium 111 chloride 


till 

(12) 


K WiLMARTii, H GRAFiandT TfUSTIN. / -tmei ^ sci In press 

B Bczowska-Trzfbiaiowska and W Wokiechowski BuU Be P 
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B Jezowska-Trzebiatowska and W Wojciechowski 


Only very weak 7r-bonds between the ligand and chromium (III) atoms occm 
in the /i-hydroxo pentammine aquo tetrammine chromium III chloride, /z-hydro\o 
pentammine hydroxo tetrammine chromium III chloride and in the /t hydroxo bis 
pentammine chromium 111 chloride The bonds may be interpreted as arising from 
the joint action ot the oxygen and nitrogen with the metal atoms 

The // 0 x 0 bis pentammine chromium (111) chloride does not show a parainjg- 
netic absorption even in liquid air Thus the electrons must be in molecular orbitals, 
as in the oxochlororhenatc The difference between these two complexes arises because 
one involves 5(J orbitals which lie outside the 3 d orbitals concerned in the othci 
Thus, there exists in the heavy metals a greater possibility of stable 77 -bond formation 
In the // 0x0 bis pentammine chromium ( 111 ) chloride the A^g and /to,, levels are close 
to each other and there is a possibility of thermal excitation The result is a small 
paiamagnetism of this compound at higher temperatures When chromium atoms are 
bridged by an OH or >TO group, no molecular orbitals arc formed and the 77-bonds 
aie weak and only cause splitting of the orbitals into a singlet and a doublet 
levels, which leads to paramagnetism corresponding to one electron per chromium 
This conhguration is revealed in the absoiption spectra Oxochlororhenatc and /i 
0x0 bis pentammine chromium (III) chloride show two split absorption bands each 
in a similar region of the spectrum oa.Mi 



fio 2a -Absorption spectrum of K,ReiOCI,o 



Fic. 2b —The reflexion speclia 
of basic rhodociilhionalL 
[(NH3),CrOCr(NH3)d" 


The band in the near ultra-violet may be ascribed to transitions within the cneow 
levels of the Me — O — Me nucleus, from orbital A 2 ,^ to E" and from orbitals /lj„ to / 
while the band m the far ultraviolet corresponds to transitions from the liganas 
orbitals to the orbitals (/< 2 « or of the nucleus Me — O — Me In oxochloim a- 
thenate we have also found two bands, but they are not split. 

B Jezowsxa-Tr/fhiatowska and H Przywarska, Bii// Acad, Polon Sci 9, 679 (1961) 

00 c h Schaffer, 7 Inort,' Nuclear Chem 8, 149(1958) 

B Jezowska-Trzebiatowska and R Grobelny, to be published 
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The disappearance of the splitting may be due to the filling of the orbital A,„ 
The absorption band in the near ultra-violet may be considered as characteristic 
of the oxygen-bridge, and as pioof of common molecular orbitals in Me— O — Me 
system 

On the basis of the above investigations and theoretical discussion it may be accepted 
that in an Me— O Me system, with accessible t/ levels on the metals, molecular 
oibitals arc formed and in such case an oxygen atom may be treated as a real bridge 
bond for other atoms 




j Inorg NucI Chem . 1963, Vol 25, pp 1483 to I486 Pergamon Press Lid 


Pnnicd in Northern Ireland 


COMPLEXES OF TUNGSTATE AND MOLYBDATE 
IONS CONTAINING TWO ORGANIC LIGANDS 


D H Brown and J D McCailum 

Chemistry Department, 1 he Royal College of Science and Technology, Glasgow C 1 

{Received 4 April 1%3. in reused form 21 May 1963) 

Abstract Tungstate and molybdate ions complex with 1,2-dihydroxyphenols and with a-hydroxy 
carboxylic acids The formation of the former type of complex can be detected by the change in 
spectrum of the solution and of the latter if optically active organic acids arc used, by a marked 
increase in the optical rotation Complexes containing both 1 ,2-dihydroxyphenol and a-hydroxy- 
carboxylic acid ligands with molybdate or tungstate tons have been detected in solution and the 
stoichciometry ascertained The changes in optical rotation and ultra-violet spectra associated with 
these complexes are discussed 


Tungstate and molybdate ions complex readily with compounds containing a 
1,2-dihydroxybenzene grouping •*■ 2 ) These complexes are strongly coloured, red for 
molybdate and yellow lor tungstate The stoicheiometry of these complexes m 
solution IS nearly always 2 1, organic ligand to metal, although on precipitation a 
1 1 complex IS generally obtained. In the following investigation 1,2-dihydroxyben- 
7cne 3,5-disulphonic acid was mainly used because of its fairly high solubility m water 
and also because it is relatively more stable than catechol to air oxidation in neutral 
solution However, catechol and 3,4-dihydroxybcnzoic acid gave similar results when 
tested The optically active a-hydroxycarbo\ylic acids used were u-tartaric acid and 
i.-mandelic acid They give 1 1 and 2 I acid metal complexes respectively 

The purpose of this present investigation was to see if an organic acid ligand 
could replace one of the 1,2-dihydroxyben/cne 3,5-disulphonic acid ligands and to 
relate the different changes obtained in optical rotation and ultra-violet spectra of the 
complexed molybdate and tungstate ions 


RESULTS 

The variation in optical rotation (20 cm tube, sodium o light) with pH of a 
solution 0 04 M in i>lartanc ,icid and sodium tungstate and 0 OX M in 1,2-dihydroxy- 
benzene 3,5-disulphonic acid (‘7 iron ) is shown in Fig 1 The variation in optical 
rotation with pH of a sodium n-tartratotungstatc solution is shown for comparison 
Also given are the graphs for the corresponding molybdate solutions In this case 
due to the intense colour, the solutions were diluted by a laetor of eight 

Fig 2 shows the graph of optical density against pH ot a solution 0 004 M in 
sodium tungstate and u-lartaric acid and 0 008 M m “Tiron’ The curve tor a solution 
of the 1 2-tungstate to ‘Tiron’ complex is given for comparison The graphs for the 
corresponding molybdate solutions arc also shown 

Using equimolar solutions of n-tartratotungstate and Tiron , a plot of optical den- 
sity at 425 mu against mole fraction of i>-tartratotungst,ite showed the stoicheiometry 
of the complex to be 1 I All the solutions were adpisted to pH 4 2 A similar 
result was obtained using i)-tartratomolybdate in place of n-tartratotungstate 

L FpRNANDes, Gazzella, 55, 424 (1925) 

D H Brown,/ fnort; NncI Chem 17,146(1961) 

M J Baillie and D H Brown, / Chem Soi 3691 ^1961) 

D H Brown, / Chem Soc 1961,4732 
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The above experiments were repeated using L-mandehc acid in place of D-tartaric 
acid and similar results were obtained 'I he optical rotation of L-mandelatotungstate 
was only slightly decreased on the addition of ‘Tiron’ and the optical densities were 
almost identical to those recorded in Fig 2 Again a Job's plot suggested a 1 1 Tiron . 
L-mandclatotungstatc complex 

The effect on the optical rotation, at constant pH, of D-tartratotungstate solutions, 
of other added compounds was also examined The graphs of optical rotation against 



Fir. 1 -Optical rotation plotted against mole equivalent of added compounds, for 

solutions 4 < 10 M in i)-tartratotungsuilc plus (a) tiron (b) oxalic acid (c) mandelic 

acid and td) sodium chloride All at pH 4 2 


mole equivalents of added tiron, oxalic ac.d, sodium chloride, and mandchc acid are 

shown in Fig 3 , , , . * i 

The ultra-violet spectra of a number of the solutions described above were taken 

on an Optika Recording Spectrophotometer The results obtained were inconclusive 
as the very intense charge iransfcr peaks {n for McOj-' and \yO4- tons at 

approximately 44,000 and 50.000cm ' tended to mask the other peaks Hovscvcr 
for the Tiron-tungstate and Tiron-u-taitratotungstatc complexes an extra 
obtained about 32,000 cm ^ (c ^ 9.000) whereas tor the corresponding molybdate 
complexes only a broad peak with a long tail extending into the visible was found 


DlSCliSSION 

The v,,nD„ons .n optic, I rol-.lion., from Fip 1, of D.larltatotontst.le and D- 
tarlratomolybdate solntion, teth pH arc In.lc affoUed by Ihc add«n ^don AJ o 
from H,g I the v.ir,a.,on m opt, cl dr,c,.y «1 

pH IS oi^y slightly altered Since the opheal rotation of ; 

and the optical density ol T.ron-n.olybjate colnhons cary 
non of the complexes then the aboce -esnhs c.igecs, that 

being formed containing both w-'"''™ „-tartar,e acid 

.cnaoes one Tiron mo, eon, e rn the 

oiiginal complex 

lV1aOJC„H.,(OH)/SO,,),]/ i ,crx w 

■ MoO.[C.H,(OHI;(SO,!J 1C.H.OJ< C,HjOH);tSO,); 

1 Kx rtxvciccd as even with considerable excess of 
This equilibrium could not easily b*- of t.irtaric acid could be 

pron present ffonyfold of op, teal dens,,, agatns, pH 

detected by optical rotation mcasuruinc i 1 
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for the tungstate-D-tartaric acid-Tiron complex solution shows a much Iowl' 
maximum than docs the parent tungstate-Tiron complex The possible reason hn 
this will be discussed later in this paper 

I'he ultra-violet spectra ol the tungstate Tiron and the tungstate -Tiron-D-tartaru 
acid solutions and the corresponding molybdate solutions are dillicult to interpict 
The colour ot the molybdate solutions is due to the long tail into the visible, although 
the first broad peak is just above that due to Tiron itself (at 34,000 cm ') This 
spectrum could be a combination of two Gaussian curves the hrst due to Tiron and 
the second due to a charge translei (mainly ligand metal) at about 29,000 cm ' 

1 he corresponding tungstate solutions show a broad peak about 32,000 cm ^ I his 
again could be a combination of two Gaussian curves- the lirst due to 1 iron and the 
second around 31,000 cm^^ due to charge transler This order is as expected since 
Mo (VI) IS a stronger oxidising agent than W (VI). If catechol is used, the optical 
density with molybdate ion is more intense than with Tiron Thus the electron with- 
drawing cITcct of the sulphonic acid groups in Tiron is retlecled on the bond between 
ligand and metal Since no colour is produced in complexing MoO^- and WOp’ 
ions with aliphatic polyalcohols like mannitol, it seems likely that the benzene rings 
are involved in the production ot colour 

'1 he change in optical rotation of the D-tartaric acid on complexing is obviously 
related to the nature of the bond formed between it and the molybdate or tungstate 
ions From previous work it appears that the complexing group is the C O 
group From the above experimental data it seems (i) that molybdate ion causes a 
greater change m optical rotation than does tungstate ion, (ii) that the addition o( 
Tiron, oxalic acid or mandclic acid causes a decrease m optical rotation, and that 
(ill) the addition of sodium chloride causes a slight increase in optical rotation The 
most obvious explanation of these facts is that the change in optical rotation is due 
to the electron shilt on the complexing carbonyl group the greater the electron 
transfer to the metal, the greater the change in optical rotation Ihus, in agrceinciit 
with the spectral data above, the Mo (VI) complexes with D-tartaric or mandelic acids 
should have higher optical rotations than the corresponding W (VI) complexes Also 
if the electron density on the metal ion is increased by the addition of other electron 
donating ligands, such as oxalic acid and Tiron, then the optical rotation should be 
decreased, as is found The increase in optical rotation in the presence of excess 
sodium chloride ion is probably due to the formation of ion pairs or aggregates with 
sodium ions and the complexed Mo (VI) and W (VI) anions, thus increasing the 
electron withdrawal from the carbonyl groups. 

In Fig 2, the optical density of the tungstate-tiron complex is reduced on llit 
addition of D-tartaric acid This is not the case with the corresponding molybdaic 
solutions A possible reason for this is that at the pH where Tiron complexes most 
strongly, around pH7, the complexed tartaric acid is ionized This will increase ife 
negative charge on the complex anion and so the charge transfer from Tiron i ' 
W (VI) will be inhibited and the corresponding charge transfer peak decreas^ed ' > 
intensity, giving an apparent decrease in colour The molybdate-tiron complex > ' 
the other hand, appears to be formed around pH 4 as does the molybdate-tarUu 
acid (un-ionized) complex Thus the optical density is only slightly decreased 



Notes 


I 1-4 

th;. tiRK <it ledLlidii permits high pu)bahilitics ol reaction in collision, .is evidenced prinidiily by tbc 
Kiiliire ol tree radical sc.ivcngeis to siippiess these icaetions and suggests that the le'mpcrature of the 
taiget inateii.il is ol onlv sccondaiv iinpoitance in such leaclions No tcinperatuic dependence of the 
ladioaelive produel disli ilsution tiom iinse Uengc.ihlc le.iclions has been denionslratcd, .dthoiigh not 
manv diieel eomp.ii iso ns have bee n pel lol nieil ' ‘ " 

^^e li ive leeenllv peilouiieei a se'iKs id espeiiineiits in vvhieh leeod ti itiuni atoms horn the 
t f (n '/)! leaelion have been .illovvcd to le.iel vviih the s.uiie |'aienl m deetile n/i '-butene-2 at tlliee 
ililleie'nl tempei duies undei otieiwise siinit 11 ei'iiilil ions The lesults lioiii the espeiiinents in the 
licpiid ph ISO at 20 ( .inel 7.S ( ,ire veiv smiil it but those peiloimed in the solid ph.ise at I9(i C 
shii" suhsi ml I li e h injes in iIk qtiaiilit itive \ lelds ol seve i il pn 'duets as show ii in T.ibic 1 
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1 lie most signiticant v.inaiions ai c the deeie.isc in (. H ,( 1 1 ( IIT and ihe ineiease in (i-< 4 H„T at 

196 (’ Ironi the othei tocorded values I hese ladioaclivilv products icsult primarily Iroin the 
leaetion setjuenee (I) lo(1) 


CIECfl Cl IT II,- 

vC H,( IIC HTCH,* 

(1) 

C ll,CHC HTCH,'* — 

>- < H,cdi cur C H , 

(2) 

CH,CHC IITC H,'‘ 

V C H.CH.CHTCdl, 

(1) 


The probable mule lor most ol reaetion t?) is through the coUisional deexeitation of the excited 
vec-bulyl radicals, with subseepicnt chemistry leading to the ii-C iH„r (eg disproportionation, 
hydrogen abstraction, etc ) The change in phase Irom gas to licjuid results in a decreased yield of (2) 
as expected from Ihe laigc increase m collision lale in the liquiet phase,''* aliheitigh the radical de- 
composition reaetion persists in easily measurable yield Reaction (2) only proceeds m the con- 
densed phases il the radical has been tormed through the reaction ol a tritium atom with much more 
than thermal energy'"' The n-t ,H„T, however, can result from the addition reactions ol both 
thermal and hot tritium atoms, and cannot be readily separated into the two contributions 

Several elTeets may contribute to the observed diminution in CH,CH —CUT yield at the lowest 
temperature 7/r//n-butcnc-2 is a solid at 196 C, and a liquid at the other two, and the decrease 
most probably results from an increased efhcicncy of energy removal by the solid lattice relative to 

W J Hoii.Jr and F h Rowiano, / Amer Chem Sot 79,4867 (1957) 

M Li -Saved, P J FsiRUPand R Woi rt.ANO, y Fh)s Chem 62, 1256 (1958) 

E K C Ln and F S Rowi and, 7 Anwr Chem Soc 84 , 3085 (1962) 

L K C Ell and r S Rowland, 7 Chem Phys 36, 554(1962) 

R E EfAKRiNt. ION, B S Rauinovikii and M R FdoARL, 7 Chem Phy^ 33, 744(1960), (and 
previous papers by B S R aiiinoviic ii) 
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THE EFFECT OF CO-ORDINATION ON THE 
REACTIVITY OF AROMATIC LIGANDS — IX 

SOME REACTIONS OE THE OPTICALLY ACTIVE 
ARSENIC (V) CATECHOL COMPLEXES 

T H Larkins, Jr and M M Joms 
D epartment of Chemistry, Vandcibilt University, Nashville, Tennessee 


{Receii I'll 9 Ma\ 196t m ui mil jium \1 June 1963) 


Abstract— A study had been made of the brmmnatton and dia/oeoupling ol opiieally active foims of 
tile eomplettes of arsenie aeid with eatccitol and 3-niethylctiteehol The use ot optically aetive forms 
provides a test ol the labiliiy ol the complex, under the conditions of the reactions The retention of 
optical activity in the products ol these rcacuons indicates that the reactions involve the complex 
itscll, and not some ligand species which is momentarily dissociated 


ONh of the problems common to all investigattons of the reactivity of co-ordinated 
species IS that of assuring the coordination of the species whose reactivity is cKamined 
In earlier studies tii this laboratory,'^ complexes were used which were presumably 
inort on the basts of cither reactivity towards disruptive reagents or a reluctance to 
undergo hgand exchange reactions. In the present study optically active complexes 
have been used to provide an internal criterion of lability This method has been 
used earlier by CoLLMANand his co- workers'” in the study of the reactivity of aliphatic 
ligands The presumption being that for any leaction in which the optical actlivity 
IS retained, no hgand dissoc union has oci in ted In the present study, we have examined 
the bromination and diazo-coupUng of optically active arsenic (V) complexes with 
two aromatic 1 ,2-dihydro\y compounds The reaction of phenols with bromine is 
c|uite Vigorous and such reactions often lead to appreciable amounts of by-products 
w'hich arise from the concurrent oxidation of the phenol Lor coupling withdiazonium 
salts, the phenolatc anions are much more reactive than the phenols themselves 
The complexes studied here contained phenolatc anions as ligands and would be 
expected to couple rapidly with diazoniuni salts, unless the charge change was more 
than neutralized by the proximity of the highly chaigcd arsenic species The catechol 
complex used here has been previously shown to undergo the Reimer-Tiemann 
reaction 


J C» Taft and M M Jones J ‘imei Chem Soi 82,4196(1960) 

■’ R L JtTTON and M M Jones, /mn" Chem 1.309(1962) 

K D MaCiUIRe and M M JoNrs, Z Amet Chem Soc 84, 2.316 (1962) 

"’•IP CoLLMAN in Reaclwm oj Co-oulmated Ligamh and Homm^ineinis Catahus (Edited by 
D H Bosch ) p 94 Amcr Chem, Soc , Washington DC (1963) 

' 'H Reihlen, R luiaandR W'n no Bn Chtm Dtsch Ge\ 58. 12 (192.S) 
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EXPERIMENTAL 

Picparation of the alkali sails of rlw tonipies muls The complex l-Na [As (tdtcchoi)i] H^O was 
prepared according to the method given by Wunland and Hlin/iir"'' using modifications in 
procedure given by Mann and Waison'"’, The complex u-Na [As (3-mcthyIcateehol),] 2 H^O was 
prepared according to the procedure given earlier The catechol complex had a specific rotation ol 
460 comparedtothelitcraturevalueor -454 The 3-methyIcatechol complex had a specific rotation 
of only ' 89" compared to the literature value of t 385" Hovvever, it was felt that this incomplcic 
resolution would not greatly interfere with the work f or the catechol complex , (Found C, 48 64 
H, 3 25, As, 17 33 talc for Na [As(C,.H,<),) 3 ] H.O C, 47 38. H. 3 09, As 17 42 For the 1- 
methy leatcchol complex Found C, S3 82, H, 5 10, As, 1 5 S2 Calc for Na[As(C;H„Oj),| 
2 H,0 CS2 84 H, 4 86, As, 15 69% 

Bi oiiiointion of the D- and L-sodiiiiii sails of the complexes The alkali metal salt (0 05 mole) ol 
the arsenic (V) complex with the 1 ,2-dihydioxyben/ciic derivative is dissolved m I SO ml water and I he 
pH held between 9 and 10 by the addition ol sodium hydroxide when pH paper showed that the pH 
had dropped below 9 Liquid bromine (0 1 5 mole) is added slowly over a 10 min period, with consiaiil 
stirring, and the tcmpciature is held at 75 The progress of the reaction can be observed by the 
appearance ol a precipitate of the brominatcd complex The product is light tan and is formed in 
yields of 25 30 per cent Coiicentraiion of the solution by evaporation ol the solvent gives lari;ei 
yields, but makes ptirilicauon of the product moic ditficiilt Found C , 26 76 H, 1 62, As, 9 92 
Br, 47 94 Calc for the brominated catechol complex, Na [As(C,,H,BrO;)j(C,,HI3r2()3)] H^O C 
25 96 H,0 8S, As, 9 00, Br, 47 98“'„ Found C,23 93, H, I 59. Br, 45 85. As 7 10 Calc for 
the brominatcd 3.methy Icatcehol complex, Na[As(C-H,Br 203 )i] 6 HjO C, 23 90, H, 2 28, Ur, 
45 50, As, 7 16% 

( haiadeiization oj the ptodials of the hiomincilion leaitions Sodium sulphite, m thiec-foui 
fold mole' excess, is added to the brominatcd complex which has been dissolved in 7 9N IRI 
The mixture is heated gently tor 6-8 hr and then extracted with diethyl ether Two compounds weie 
extracted from the ether extract when the initial ligand was ealeehol Sublimation ol the extract 
gives a corn pound with melting point 86 , which compared to the 87 mcUingpointof4-bre)moeiiteehol 
Infrared spectra and qualitative analysis according to the protedurts given m BtiLMiiN'“’ eonliini 
that the compound is 4-bromocatechol A tar-likc residue icmains atier sublimation Successive 
rcerysiallizaiions ol the ether extract gave a compound which is probably 3,4.5-iribromocaicehiil 
The product softens slightly at leitipordturcs 90-95 , probably due lo remaining 4-bromocaicchul ui 
oxidation products, and then has a broad melting-point of 134-38' 'i he litcratuic value'"" toi 

3.4.5- tnbromocdtcchol IS 137-38 Found C, 18 69, H,0 64 Br, 71 05 Calc foi C, H ,Hr,0_ 
C, 20 55, H, 0 86, Br, 69 10”,' It would appear that the sample eontained small quantities ol i 
more highly brominatcd product 

Similar decomposition of the brominatcd complex of 3-niethyicdtechol with arsenic (V) gave i 
reddish- brown product which was found impossible to crystal li/c satisfaclorily fhc acctalc prcpaied 
from this product melted at 136 , compaicd to the literature vdliic"' ' ol 138 forlhc,icctateof 3-mello I 

4.5- dibre)mocatcche)l No other compound cesulcl be isolated from the ether extract when the initi 4 
ligand was 3-incthylcatechol 

Diazo-(.oupltttS( of the alkali salts of the lompicx aails Concentrated hydrochloric acid (50 ml) w o 
added ton-amsidine(0 18 molc)in 50 ml water I he tcmpcratuic was reduced to 5 in a salt ice baih 
A conccnlrated aqueous solution of sodium nitrate ts added slowly until a slight excess is prcsciii i' 
shown by the formation of a blue colour on starch potassium iodide paper The excess sodna i 
nitrate is decomposed by the addition of a small amount of urea The solution is then addcil to ' 
solution of the alkali metal salt (0 06 mole) dissolved in the 150 ml water which has been cooled m i 
salt ice bath The pH of the solution is maintained at 9-10 as in the brominalion rcaetii’iis I 's 
diazoti/ed o-amsidine is added as rapidly as possible, although the temperatureofthe reaction inivu 'S 

(111 R p Wfinland and J Heinzlfr, Ber Chem Dtsch Ges 52 , 1316(1919) • 

F G Mann and J Watson, 7 Chem Soc 505 (1947) 

"" T H Larkins, Jr and M M Jonfs, Inorg Chem 2 , 142 (1963) 

Bfilstfin, Handhtich Der Or^anischen Chetme, Band 6, p 784 Springer, Berlin (1923) 

Beilsiein, Handhuth der Organtschen Chenue Band 6, p 785 Springer, Berlin (1923) 

T ZiNCKE and N W Janney, y4/in C/iem, 389, 351 (191 3) 
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not be allowed to nse above C I he d.a,o-eoupled complex preeip.talex and .s filtered inm’ed- 
,alely The yields are usually lather h,.h, ,n the neigh bon, hood of 75 per cent The products are 
light reddish-brown Details of the optical rotation ehanges ol the re.ietions ate L’leeii in Table I 

1 ound C, 45 67. H, 3 87, N,5‘J4, As 112“' Calc loi the eateellol complex NafAstC, H ,f)d, 
tC ijHiiNiOa)] 5 H.O C, 45 32, H, 4 22 N 4 23 As 1131“,, 1 ound C,5711 H, 4 52 N 
s 13, As, II 25 Calc lor the 3-melhylea|eeho| eoniplex, Na[\s(C Tl,() ,) (C , ,1 1, ,N.Os)] 11 f7 
C, 54 50, H, 4 25, N, 4 50, As 12 12 ‘ippi-ais that a mixed pioduet was lonned which was 
predominantly the compound shown 

( hell u( tet uulion oj the pt (u/iu /i of the dttizo-inuphti^ hin tut ti\ 3 he complexes were decomposed 
ill a manner similar tei that used lor the broniin iteel eiimplexcs fen both compeiunds studied there 
weic at least two pioduets loiiiied, one soluble and the other insoluble in water The insoluble 
jiroduct Wtis filtered from the sokition before ethei exiiaetion 1 he sellable pre'duet was removed by 
ether extr,iction Sublimatmn eif the ether extr,iet gave ,i pioduet identihed b^ melting peunt and 
infr.i-red spectra as eatcehol and 3-mcth) leateehol icspeelively I he insoluble pioeluet in both eases 
would not form good crystals and ch.iiaeleri/aiion ol ihis prodllel wa- earned out usini; qualitative 
iirg,inie techniques and inlr,i-reel spectra In both e.ises ,i soelitim lusi(>n gave ,1 pessilive lest lor 
nitrogen Infia-red spectra dat.i were consistent with ih.it weuild be expected for the compounds 

2 -melhoxy-3, 4-dibydi ox\ -azobeii/enc (1) and 2'-n ethoxv 3, 4-d\h\dro\v, 5-me.h>la/ohen/ere 111) 


HO 

HO 



N N 


i 




I 

OCH, 


CH, 


HO 

HO 


I N N 



OCH, 


I he speelrum ot ( I) contained a b.ind at 912 e'ln ' winch has been assigned to a 1,2 4-tM-substitulcd 
aioniatic ring, while the spectrum ol (II) contained a bind at 85t) cm ' assigned to 1, 2, 3, 5-tclia- 
substitulion of the aromatic ring Compound (!) has been reported m the liieiaiure''-’ xsiih a melting 
point ot 149" and reddish-brown crvsi.ils We were unable to obtain the compound in othci than a 
veiy viscous, tar-hlee lorm Compound (II) has not been icpoited previously 

DISCUSSION 

The cxpeniiicnlal results show that both diazo-coupling and broniination of the 
optically active complexes can be achieved vvitho'it appreeiab' cliangc of optical 
activity and presumably configuration (Table 1) lltis indicates that such reactions 
must take place with the complex as a whole lather than momentarily disengaged 
ligand molecules * The behaviour of the complex dining the brominalion in basic 
solution shows that coordination results tn an appiccuible masking of the phenols 
towards oxidation, as these arc normally very susceptible to attack by such strongly 
o\Kli 7 ing media It is to be noted that the positions ot the ligand molecule which ate 
susceptible to attack by electrophilic reagents aic not changed by co-ordination, 
even though the central aterm of the complex is m a very high oxidation state The 
role played by steric factors tn the reactions studied here, especially the diazocouphng, 
ate difficult to evaluate and may be mote important than the authors are presently 
Willing to admit 

There is a very general tendency to suspect that cooidination exerts profound 

* The rates of the dissociation re,ictions have been measured and lound to be miKh slower than the 
talcs of bromination or dia/o-couphng 

V KuzNnsov and A Nimodrikx, Shorn Star Ohsh khiw 2, 1 3/8 (1953, Chem Ainti 

48, 10347g 

T H Larkins Jr , and M M Joms 2, 554 (1963) 
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changes on the reactivity of organic ligands While the evidence on th's point is rarely 
of a comparative nature, it must be emphasized that such evidence as is available indi- 
cates that the cordination act per se need not result in reaction patterns which are qual- 
itatively different from those of the free ligand In organic chemistry, the common 
inorganic Lewis acids arc used for two chief purposes (1) to form a coordination 
complex with a substrate and (2) to activate a substrate through the formation of a 


Tahil 1 -- Optical rotaiion i>ata for ihl hromination and oiA/o-roupiiNc, 

OF FHF CATEC MOl AND t-METHYL( AIFCHOL COMPLFXFS OF ARSFNIC (v) 



1-1“ 

1 - 1“ 



1 igand 

Sodium salt 

Brominaied 

Dia/o-coupled 




sodium salt 

sodium salt 


Catechol 

-460' 

- 390" 

-502'* 


'1-methylcaiechol 

89'^ 

1 117* 

123 * 



* Rolaiion observed in acelonc solution All other rotations observed in 
aqueous solution 


charge transfer complex These processed are actually distinct, though in many cases 
they may be concurrent The second of these processes may exert a more profound 
effect on aromatic reactivity than the first by virturc of the more direct involvement 
of the aromatic pi-clectrons This is especially true in systems where the coordina- 
tion IS to a donor atom external to the aromatic system Non-alternant aromatic 
systems such as tropolone must be expected from this statement 

An important point, difficult to evaluate at present because of the paucity of data, 
is the effect of charge of the central species on the reactivity patterns of the ligands 
In a very general way it may be claimed that the reactions of uncharged complexes, 
especially if they involve groups which escape the masking effect of co-ordination, 
are qualitatively similar to those of the free ligand The rates of the reaction 
for the free and co-ordinated ligand may be expected to be greatly different 
The closer the reactive portion of the ligand is to the central ion, the greater the 
possibilities for qualitative differences in reactivity The “closeness” may be considered 
to include groups at the end of a conjugated system which has the central metal atom 
at the other end 

Acknowledgement —We wish to express our thanks to the U S Army Research Office Durham, lor 
financial support of this work 
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THE EFFECT OF TEMPERATURE ON THE SIZE OF 
SMALL MOLECULES APPLICATIONS TO SOME 
COBALT (II) COMPLEXES 


1 D Pi AT, P J Prom and L H Sukiiipl 
[Tonnjn C hctnical ! abor.itorics, I he Universily, Liverpool 

( Rccc II eel I'i Min' 1963) 

Abstract-An expression has been derived for the dependence on temperature of the radius o‘ a 
system of quantized harmonic vibrators In applying this lo CotDActd- and Co(OAc), 4HOAc a 
spherical model was adopted 


RrciNiLY, in dll iiivestigalion of the species of coballoiis aeetate in acetic acid,<'> 
varying the dielectric constant was found to have marked effects on the following 
equilibria 

Co(OAc)> Co OAc' -i- OAc” 

Co(OAc), +(Mc J^Co(OAc)i- 

The configurations of the species Co(OAc)^ and CofOAc)/- are octahedral and tetra- 
hedral respectively, the molecules of solvation being omitted for simplicity By 
studying the effect of the dielectric constant on each of the equilibria, the radii of 
Co(OAc)^ 4HOAc and Co(()Ac),-’ were calculated"' by means of the relationship'-' 


In A'-' - 


kTDi 


( 1 ) 


where C is a constant, A is the equilibnuin constant, A is th. Boltzmann constant, 
7’ IS the absolute temperature. and Z,, are the charges on the ions, D is the di- 
electric constant, e is the electronic charge and r is the radius of the transition state 
which is assumed to be approximately that of the united ions Since no preferential 
co-ordmation effects could be traced on the addition of w.atcr to these systems it was 
concluded that the interpretation of the effects .is hcing due to a change m macro- 
scopic dielectric constant is quite valid Conlirmation is obtained from the fact that 
the plots'" of In Ai ^ and In ^ ,A ,A ,A ^ against the inverse of the dielectric constant 
are linear over a range of dielectric constant of about 6-60 is the molar extinction 
coefficient of Co(OAc) 4 “ while A \ is the dissociation constant of sodium acetate and 
A'j is the formation constant of CofOAc),,^ in the paper cited in reference (1) all 
these constants are shown to be unimportant in the piescnt discussion 

Experimental values of the radius were vibtamed fumi a series of measurements 
for dielectric constants raniiinc Ircmi 6 to 78 at several tcmpeiaturcs between the 
limits 25 and bTT The data is listed in Tables 1 and 2 of reference (1) Values of 

P J Proll, L H SuiCLiFM and I Wviiviiv.y Pfn' Cheni 65,4S5(|9(in 
S Glassione, K j Laiolfr and H I vring, TheTlicui t of Rmc Pioccni \(lstEd )p 430 McGraw- 
Hill, New York (1930) 
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the dieleetric constant at diflerent temperatures were calculated from the data o1 
Sm\ 1 n and Rogprs''’’ for acetic acid and from those of L anc.f and Robinson* for water 
Fig 1 shows the dependence of the radii of the two cobalt (Tl) species on temperature 
An expression may be easily derived for this temperature dependence by assuming the 
cobalt species to be harmonic vibrators in thermal equilibrium with each othei 
Consider a collection of N molecules, having spherical symmetry, which are m 
equilibrium at the temperature T They are assumed to behave as harmonic vibrators 
having only breathing modes with fundamental frequency v~ klA-n-fi where k is 



Fk< 1 The clTect of temperature on the radius of solv.ited 
Co(OAc)., (curve A) and the radius of CotOAelJ (cuiveB) C' 
are the expcriment.il points r and x the calculaitd points (Jif ) 


the bond stretching constant of the molecule and its reduced mass r.ach of the 
molecules labelled by the quantum number « will possess the energy L (n , l)/n 
and may be described by the wave function 

T„(q)- C„//„(y‘v)exp( yf) C) 

where y is a constant of the motion and given by y - H is the Hcrmilc 

Polynomial of order n, q is the displacement coordinate and C„ is a noimali/ing 
constant 

The mean square displacement associated with the wave function 

D\n) -- (v-„(7) 1^1 ’/’»(</)) = < ’’ 

y 

and thus the number average displacement for the collection is 

_ i N„(T)DHn) 

i Nn (T) 

n 0 

C P Smyih and H E Rogers, J Amer Chern Soc 52,1824 (1930) 

E Langf and A L Robinson, / Amer Chem Soc 52,2811 (1930) 



1493 


The effect of temperature on the s,/c of small molecules 

When is_g.ven by the Boll/m.tnn t,aw NJI) - .V exp [(« . i)h.lkT] The 

expression for D\T) may be reduced to 


_2ex p( llivlkl) ] 

I 2cxp( hi'IkT)} 

and an average value for the radius of the molecules in the collection defined as 



RiT) R(0) [DM)]^ ( 6 ) 

where R{T) represents the mean radius at any temperature 7, while R{0) is the mean 
radius at absolute zero 

Real molecules have degrees of symmetry lower than spherical, however due to 
their random motion and rotations the view presented to a given molecule in the 
course of many collisions is one of xibratmg spheres and thus Equation (6) may be 
applied In the case of polyatomic molecules scxeral vibrational jnodes may occur 
and thus summation in (4) must be made over the terms /)-(;/, i) when 


') VhXt/,) |t/,i 

(j, being the normal displacement coordinate of the “ilh ' vibrational mode 

The general members of the sum /2-(//, /) are smaller than the terms representing 
the displacements of the breathing mode Thus the numerical value of D\T) will be 
smaller m the case ol real molecules than that calculated for simple “spherical” 
molecules However, for ligands whose masses are small compared with the mass of 
the central atom, the effect is small, calculation ol the magnitude of this eflect m 
the cases of the tetrahedron and the octahedron discussed below gave values less 
than the experimental errors involved 

The variation of radius with temperature which is given by expression (6) is 
similar to that found expciimcntally for the cobahous acetate ^necics in acetic acid 
With y and r as variable paramctcis, the values of R(1 ) obtained by Equation (6) 
were fitted to the experimental results, using a method of least squares, these results 
arc given in Eig I In both cases a value of 200 cm ' for the fundamental frequency 
of vibration was required For solvated Co(OAc), the calculated curve was made to 
fit that obtained experimentally by using the value ol 2 0 10 ® cm lor (2y) m 

the case of Co(OAc)/ a value of 5 0 10 cm was needed 

The frequency of 200 cm ^ obtained is in good agreement with the experimental 
vibration frequency of 248 cm ^ found tor CoflHO),' from the near infra-red spectra 
of dilute aqueous solutions of cobaltous halides*’' The csbscrved frequency is a 
totally symmetric type vibration*'’’ as required tor compaiison with our model 
of a spherical aggregate Octahedral ammines and hydrates ol the divalent states 
of the first row transition metal scries have svmmelric v ibration frequencies'’ in the 

range 250-400 cm ‘ 

The radii calculated from expression (I) are probabi) loo large (of the order of 
10-20 A), but It should be remembered that, in water 2 1 electrolytes have Bjerrum 

M L ScHUtrz.y C/iem T/im IO- 194 (1942) 

S KoiotandM H L Pryci Phil tfay 3 . (<07 (I9S8) 
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radii of about 7 A The change in radii with temperature appears to fit the calculated 
values quite reasonably for the bond vibrations invoked If calculations of radius 
variations over wider temperature ranges were proposed then expression (5) would 
have to be modified to include anharmonic vibration terms and vibration modes 
whose degree of symmetry is less than that of the “breathing mode” 

4ckiu>»Uiii;cn7iiti — I he authors arc indchlcd lo Drs J H Sinks and T B Grimlly Tor htiplul 
discussion 
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THE THERMAL DECOMPOSITION OF METAL 
COMPLEXES^VIII 

SOME DTAQUOTETRAMMINECOBALT (III) AND 
HALOAQUOTE FRAMMJNECOBALT (III) HALIDES'^* 

W W WrNnrAMJi, W R Rouinson and W Y Yang 
D epartment of Chemislry Texas I oehnologiLal College, Lubhock lexas 

(Kcifitcd I Apn! 1961) 

Abstract— The thermal dissociation of [ColNH , mm O), IX, and [Co(NM,),(H 0)X]X (X Cl 

Br) was ludied by thermo-gravimelne an.aljsis, ditlerential thermal analysis, gas'evo ution analys.s 
and lefleet.inec spectroscopy The diaquo- complexes deaquated stepwise [Co(NH,) 4 (H O) JX, !->- 

[C o(NH,)i(HjO)X]X, > [C 0(NH,)i\.lX, the final product then dissociated to giveCoX N,, 
NH,X and NH, The kinetics eil the deaquation lor step I was determined and found to be first 
Older with £♦ equal to 11 and 21 kcal, lot the ehloiide and b.omidc eoiiiplexes, lespeeCvely 

J<)RGrNsrN<2) was the first to obserxe that the diaquotciuunminccobalt (III) halides 
Were thermally unstable in the solid s( tic |-Je fotind, in a qualitative manner, that 
the complexes deaquated stepwise according to the reactions (X“ ^ Cl and Br) 

[Co(NKj),(H,()),]X,--v[Co(NHj) 4(H,())XJX. i H,0--U 

[Co(NH,)^X.JX , H/) 

Both reactions proceeded slowly at ambient leinpeiatiiie but increased in rate rapidly 
at 100' and 150^ for stcps(l) and (II), respectively Later studies by Mori et ul 
coninmed these deaquations reactions but that the deaquation temperatures were 
somewhat lower Reaction I took place fiom 70 to 90 ' ,ind 11 tiom 150 ' to 170’ It 
was also stated that the dichloro-complcx began to decompose at about 240' 

In connection with our previous studies on the aquopentamminecobalt (111),'^* 
aquopentammmcchromium (11 !),'■'> and hydroxoaquotctrammiuoeobalt (111)"’^ com- 
plexes, It was of interest to study the thermal dissociation ol the diaquotetiammine- 
cohalt (III) halide complexes by the methods ot thermogravimetiy (TGA) diflerential 
thermal analysis (D 1 A), gas evolution .inalysis (GE), and reflectance spectroscopy 

LXPTRIMhNTAL 

Picpaialioii of loiiipicxes The' [Co(Nl l,),(H.(t)JXi and [C o(NH,) 4 (TEO)X]X; complexes were 
piep.ircd as picviously dcseiibed'-' The cobalt et'iiicnts ol these compounds were determined by 
Ignition of the eomplexes, mixed with oxalic acid, in a porcelain crucible to 800 and weighing as 
CoiO, The water contents weie determined by weight-loss on a iheimobalance The results of the 
analyses were [Co(NHi)4(H,0),]CI, Co,2l found, 21 87“„theor , H^O, 13 .S^Jound, 13 38‘‘„ 
Iheor , [CotNUalCKH/TllClj Co, 23 5'’„ found 23 44"„ theoi , H.O, 7 0°„ found, 7 IT^^ theor 
K otNHalilHiOfjlBr, Co, 14 8",, found, 1463“,, thcor , H.O, 8 7"„ tound, 8 9S"„ theor , 
[Eo(NH,)i Br(H,0)]Br, C'o, 15 4",, IouikI, IS 32'’„ thcor 11.0, 40",. found 4 theor 

l-orVart (VII) see W W WiNiUANor and J P bsiirii.J Inorp Sm! Clicin 25, 1267(1963) 
S M JoRtiirNSEN Z Aiioip Chciti 2,294(1892) 

M Mori, R .Tsuciiiya, S TARtMuitA and T Mxisuo.v, Uull Chcm Sm Japan 34, 1757 (1961) 
‘"W W WbNDLANOT and J L BtAR,7 Ph\x Chem 65, 1516 (1961) 

'”W W Wendlandt and J J Bi\r. / hung Nucl C ''cm 22. 77 (1962) 

‘"’W W Wendlandt and J K FisiiiK.y him" Wud Chen, 24, 1685 (1962) 
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Thermohalance, air atmosphere The automatic recording thermobalance has previously bn 
described'’’ Sample sizes weighed about 100 mg and were pyrolysed in a static air atmosphere at i 
furnace heating rate of 6 -7 C per min 

1 hennohalancv, ruiioi^eii atmosphere The automatic recording thermobdlance has previous], 
been described Sample sizes ranged in weight from 20 to 50 mg After evacuation of the balaiu. 
It was hlled with dry nitrogen gas which was then passed over the sample container at a rate of aboiu 
100 ml per nun The furnace heating rate was about 5''C per min 

Differential themuil anahus-t^as evolution apparatus This apparatus has previously been de- 
scribed Sample sizes ranged in weight from 40 to 60 mg and were pyrolysed in a dynamic helium 
atmosphere The furnace heating rate was about 10 C per min 

Vaiuum pvrolviis studies Samples ot the complexes were pyrolysed in a tube furnace connccinl 
to a high vacuum system Provision was made for the collection of the decomposition gases in a 1 
ml glass bulb which could be removed from the system by means of a ground-glass joint Abuui 
100 mg ol sample was pyrolysed to tempciatures up to 600 The composition of the decompusitiini 
gases was determined by a mass spectrometer 

Reflectance studies The high temperature reflectance curves were obtained on a Rausch .ind 
Lomb Speclronic 505 spectrophotometer using a healed sample holder The freshly prcpaiul 
samples were examined at a sample healing idle of 6-7 per min A chiomel-alumcl thermocoupli 
imbedded in the sample, was used to monitor the sample temperature The wavelength range w is 
from 550 to 750 m/i 

RfcSULIS AND DISCUSSION 

Weight-loss studies iii cur The weight-loss curves of the complexes, in air, aic 
given in f-ig 1 

The wcight-loss curve for fCo(NH,) 4 (H,jO) 2 ]Clj showed that deaquation began at 
75^-80° and resulted in a break in the curve at 100" which corresponded to the 
stoicheiomctry, [Co(NH 3 ) 4 (H 20 )Cl]Cl 2 Further weight-loss then took place, resulting 
in another break in the curve which at 160” corresponded closely to the coin- 
position, [Co(NHj) 4 C 1 o]C 1 Another curve break was observed at about 300" but no 
know'n composition could be assigned to it T he curve break at 390 ' corresponded 
closely to that for C 0 CI 2 Since the pyrolysis was carried out in air, the rcsKhic 
Co 404 , was obtained at about 900’ It should be pointed out that definite hoiizonial 
weight levels were not obtained m the curves Thus, the composition of the intci- 
mcdiatc complexes may be fortuitous although the weight-losses indicated the abuw 
sloicheiometnes 

The weight-loss curve tor [Co(NH,) 4 (H 20 )Cl]Cl 2 was similar to that for llic 
diaquo-complex, after the loss of the first mole of water T he first weight-loss beg tn 
at about 120" A break in the curve was obtained at about 200’ which corrcspondul 
to the composition, [Co(NH,) 4 C 1 . 2 ]CI The remainder of the curve was similar to iIk 
diaquo-complex except that the Co ,04 weight-level was obtained at a lower tempsi i- 
ture than in the former case 

The weight-loss curve for [Co(NHj) 4 (H 20 ) 2 ]Br 3 showed that dcaquation Klmh 
at 85”-90'", giving a break in the curve at 1 10° which corresponded to the composiiion 
[Co('NH 3 ) 4 (H 20 )Br]Br 2 Another break in the curve was observed at 170” w! ivi> 
approached the composition, [Co(NH 3 ) 4 Br 2 ]Br Further decomposition at hr’Tr 
temperatures gave a short horizontal weight level from 260 to 300° which o nv- 
sponded closely to the composition for a 1 1 molar mixture, CoBr 2 ' NH.fir 

i7>w W Wfndlandt, T D George and G R Horton, y fitorg Nucl Chem J7, 274 ( l'^< ' ’ 

T D George and W W Wendiandt, / Inorg Nucl Chem 25, 395 (1963) 
i«) w W WtNDLANDT, Analyt Chem Acta 27, 309 (1962) 

(10) W W Wendlandt, P H Frankf and J P Smith, >lna/y/ Chem 35, 105 (1963) 
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that by a siii rounding liquid Such a conclusion further implies that reaction ( I ) occurs in a location 
that has not been greatly disturbed by the arrival ol the tritium atom the reaction dixs not occur 
m a molten drop, or the organic equivalent of a displacement spike 

Secondly, the rate of reaction (2) depends up m the tola! enecss energy of the ladieal both Irom 
the cNCCss kinetic energy ot the incoming tritium atom and Irom the initial intern.il eiicigv of the 
ou/n-butene-2 molci ole The average internal energy o( the target molecule is 0 8 1, 0 “'h and 0 22 cV 
(or 20 C, 78 C and lOb respectively Ihis amount is not negligible relative to the activaiion 
energy b’r reaction (2) ol I 4 ev,' ' but the similai itv betwi en the liquid i uns at dilleient tc nperatures 
suggests that this is not the major souice of the espeiimcntal variations 

further, while the possibiii'v seems much less likely than with ladioaclivc atoms in inorganic 
cryst.'K consideration must be given to the possibility that some ofthe reactions involving the 

liiiium atom (oi an unstable speeivs containing the tritium) do not occiii until Ihe ispciimcntal 
conlaincr is allowed to waim up alter completion ol the irradiation 

further cspcriments on several target molecules over a i inge ol Icmpcratiires iippi ar to he 
neeessaiy in oideu to determine the relative eonti ibiitions o! phase and the vither p''>sihle sources 
ol tlic ohsLived variation in tiitium activity distribution It should also be emphasized that the same 
geiieial mevhamsms of leaetion seem to he opeiative in all phases, loi the semi e|uanlilali' e behav lour 
ot iceoil ti Ilium atoms is essentially identical in all of these expeiimcnts 

rxpriiiiH nliil 

I he /iuiiv-hutenc-2 samples weie se'.ilevl in c ipillai les containing appioximalelv an eqti il vv eight I't 
I if’ ,ind 11 r ulialed loi one pulse (>l the < lA TR IG A ic letoi in San Diego The neiili on lliix aver igcd 
.ibout 6 10'^ n/eni^,'see over a 15 msec peiii'd in these ii i.idi.itions Since 'nc delav time between 

inseilion ol a sample into position m the leactisr and iriadiation was only about ^0 see crude 
lehigeiaiioii Icehniques weic rjuite salislaetvvi v Ihe 19b < iiiadialki'i was earned out with pre- 
eooled samples 111 a TRKIA tube hllcti with liquid niliogen Some v'l this coolant v as still visible 
Whli liuiried lemoval ol the tube fiom (he leaetoi dter iiiadi ition 

Subseviucnt to 11 radiation, the saitiples weic an.ihscd as m previous expviimcnis ' ' 
ickiiowlvd^’iiH m \Vc wish to ihank (leiieial Alomiev tiu making then I icihlies ivailih’e to us U'r 
eariving out these iii.idialions 

0 / . , I K (- I 1 i 

Ih/XIllJIUlll of Clu’iiuxli) y ^ Rowixmi 

1 'on II 'iii\ of Kiioxin 

'S Vi ukovK anil G HvKU'Uiti N'li/ttii' t/o/n/ ) 191 , 12S7 ( 19bl ) 

S VnikdVK' md G flAioioiiii J /mug Siul ( luni 23. 1 5') ( 1 9bl ) 

W J lion II and 1 S Rowi \nii / /mug \ii(l ( luni 5 Ib4 (1958) 
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■» CO.0, .hc„ 

The weight-loss curve for rCo(NH„'I fH n\Urio. . 

,1 I r I . ^ ^MvM^rjjBrJBro was similar to that found for 

about 140 , g,v,„g a break the eurve at 185* ttluch eorreepoaded to the contpotuon. 



Fit. I -Weight-loss t-iir\cs ot cobalt imine comple\i.s An atmospheie 
A [CiHNIfaljtH.OIdCl, ( [Co(NH,),(HO,)a]Br 3 

B [C\)(NH 3 h(HA))CI]Cl, D lColNH,)ilH,0)Br]Br, 


[Co(NH 3 ) 4 BrJBr Further dccoiiipoMlion at higher lenipcratiiies ga\e a curve 
which was similai to that found for the diaquo-complex 

Thus, in air, the dissociation of the complexes follows the pattern previously 
suggested’--®’ except that the teiminal pyrolysis product is the oxide, Co .,04 

^eighi-/ais ttudies in nilrogen. The weight-loss curves of the complexes in a 
nitiogen atmosphere aie given in Fig 2 

In general, the same curve breaks were ootained for the complexes in a nitrogen 
atmosphere as were found m the air atmosphere studies mdic.iting that decomposition 
reactions and not oxidation reactions weie taking place Ihc decomposition tem- 
peratures were 5‘'-10° lower but this may be due to instrumental differences or to the 
difference in furnace atmospheres i c , dynamic versus static atmosphere, etc 

The weight-loss curve lor [Co(NFT,) 4 (Hj, 0 ).]CI , shows that the deaquation 
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reaction began at about 65° A break in the curve, at 100°, corresponded to the con,- 
position for the chloroaquo-complex Another curve break, at 180°, corresponde d 
to the stoicheiometry for the dichloro-complex, [Co(NH 3 ) 4 Cl 2 ]CI From 180° to 29s 
further dissociation took place, giving a break m the curve at 300° which rougliK 
corresponded to the composition for a I 1 molar mixture of CoCI, and NH,CI 
Abosc 300\ the NH^Cl sublimed off, giving a residue of C 0 CI 2 at about 375° 



Fic, 2 -Weight-loss curves of cobalt amine complexes Nitrogen atmosphere 
/I [Co(NH3),(H,0)JCh C [Co(NH3),(H,0)dBr3 

B [CoINH^yH.OCIJCh D [CoCNHal.tH^OBrJBr^ 

The behaviour of the chloroaquo-complex, [ColNHjljfH^OjCIJCh, was similai 
to that of the diaquo-complex, after the loss of the first mole of water 

The weight-loss curve for [CoCNH^l^fH^OaJBrj showed that the deaqualion 
reaction began at about 55° Curve breaks, at 100°, 160" and 235°, correspondetl i>> 
the compositions, [Co(NHj)4(H20)Br]Br2, [Co(NH ,) 4 Br 2 ]Br, and a 1 1 molar n s- 

ture of CoBr 2 and NH 4 Br, respectively The composition of the curve at 420" s r- 
responded to that for CoBr 2 Above 425°, the CoBrg began to sublime 

The behavior of the bromoaquo-complex, [Co(NH ,)4(H20)Br]Br2, was simil.* a 
that of the diaquo-complex, after the loss of the first mole of water 

Dijferential thermal analym-gas evolution studies The DTA-GE curves r 
the complexes are given in Figs 3 and 4 
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complexes— VIJI 

All of the complexes gave a senes of endothermic peaks which correspond to the 
deaquation and decomposition reactions of the compound Only m the case of the 
diaquo- and chloroaquo-chloride complexes was an exothermic peak obtained in 
the curve 

The DTA curve for [Co(NH ,),(H,Oj,]CI^ had six endothermic peaks and one 
exothermic peak The first peak, with a peak maximum temperature (henceforth 
referred to as peak temperature) at 55 , was due to the evolution of residual ether 
which was used to wash the complex Flic peaks at 1 10 and 180 ’ were due to the 
deaquation of the first and second moles ot water, per mole of complex, respectively 
The exothermic peak, at 200^, was due to some type ol a phase change, isomeric trans- 
ition, or crystalline structure transition since a GE peak was not observed in this 
temperature range A possible explanation for this peak is that perhaps tiaiis- [Co 
(NHOiCIzlCl IS hrstformed in the deaquation of [Co(NH ,)i(Hp)Cl]CE The isomer- 
ization ot tians- to r/t- [Co(NHj) 4 Cl 2 ]CI could possibly cause the exothermic peak 
since the cis-compound, in agreement with Mori el a! ,*■*’ was formed during the disso- 
ciation reaction The increased tliermal stability of [C()(NH,,),(H,0)Cl]Cl2 may 
possibly be due to the lians-effect which was prexiotisly discounted by Mori and 
co-workers The latter contend that ro-[Co(NH,),Cl 2 ]CI is more stable than 
//e//;'v-[Co(NHj)|Cl 2 ]Ci The remaining peaks, at 260^, 290 , and 350 were due to 
the decomposition of the dichloro-complcx. [Co(NHj) 4 CE]CI AH of them involved 
gaseous decomposition products as shown by the GE curve 

The DTA-Gb curves for [Co{NH,),(H20)CI]CE were similar to those found for 
the diaquo-compicx except for the heights of the peaks which was caused by the 
difference in sample sizes All ot the peaks were pre-^ent except the 55 and 110' 
endothermic peaks 

The DTA curve for [Co(NH (IjfHjOfjlBr, consisted of three mam endothermic 
peaks The first two peaks, at 90 ' and 160 weie due to the deaquation icactions for 
the two moles of water No phase transition was observed for this complex as was 
found with the diaquo-chloride compound Only one endothermic peak, at 220“, 
vvas observed for the dissociation ot the dibrouio-complex ;^Co(NH^) 4 Br,]Br AH 
of the DTA peaks evolved gaseous pioducis 

The DTA curve for [Co(NH,),(H ,0)Br]Br . was similar to that found for the 
diaquo-complex aftci the evolution of the fiist mole of water The peak tempeiatures 
were shifted to slightly higher temperatures, howcvci 

Vacuum p\ I oh SIS studies Analysis of the gaseous decomposition products 
formed during the pyrolysis ot the complevcs lu laiiio, levealed only the presence ot 
water, ammonia and nitrogen Ammonium halide was deposited on the cool part ot 
the tube furnace while the residue remaining in the turnaec chamber was the cobalt 
halide The w'ater, of couisc, comes from the deaquation reaction while the other 
products probably arc formed by the icactions 

[Co(NH,),XJX — ► CoX. ' NH,X N, , NH, 

This type of dissociation is similar to that previously found in the thermal dissociation 
of the [Co(NH 4)«1X,<'‘' and [Co(NH,)-,X]X 2 ”-> complexes The co-ordmated 
ammonia is the reducing agent for the Co(lll)— ► Co(ll) leduction 

'"’W W WendlandT, y fnors; Chem 25 , MS (I96t) 

'“"W w Wendlandt and J P Smith, / Inog Nuct Chem 25. 841(1961) 
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Fi(. 3 — DTA-GF curves of cobalt atniac complexes (Dashed lines arc GL turves ) 
A [Co(NH,),(HjO),lCl3 B [Co(MH3),(H30)Cl]Cl, 



I I I I I I I 

100 200 300 400 

Temp, °C 


Fig 4 — DTA-Gt curves of cobalt amine complexes. (Dashed lires arc GE curves ) 
A [Co(NH,)4(H30)3]Br, B [Co(NH,)4(H30)Br]Br, 
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Fu. 5 'HiijhtcmpcraturersnccUintcspettrdair\Cbof[Co(Nll3),(HP)j]Cl3 Sample 
sLirlacc tcmpcratuic indicated 

Kinelics oj clecufucilion •studie'i Using the non-isothermal thermogravimetnc 
method of Frh MAN and Carroll,"*’ the kinetics of the deaquation reaction, in 
nitrogen, were determined for three of the complexes kor the reaction 

[Co(NHj)4(H,0),]Xa^ [Co(NH,),(H,0)X]X, -[- H,0(v) 

the activation energies, E*, in kcal, and reaction orders, ii, were CJ, 33, 1 , Br, 21, 1 
For the second deaquation reaction 

[Co(NH,)4(H,0)CI]CU^^ [Co{NH 3),CI,]C1 Hp(v) 

the E* was 22 kcal and n was 1 Results obtained for the corresponding bromide 
compound were very erratic and did not give a stiaight line plot The activation 
energy for the chloroaquo-complex was fairly close to that previously reported for 
the deaqualion of [Co(NH d-HiOJCIj’^-'i) while that for the first water loss of 
[Co(NH3),{H20)„]Br, was close to the value of 25 kcal previously reported for 
[Co(NH,)5H26]B“r3 

Reflectance studies The high temperature reflectance curves for lCo(NH 3 ) 4 - 
(HaOalClj and [Co(NH 3 ) 4 (H ,0)CI]Cl3 are given in Figs 5 and 6, respectively 

Due to the wavelength limitation of the instrument only one peak was observed 
for [CoiNH 3 ) 4 (HaO) 3 JClj, at 510 m// On heating this compound, in a nitrogen 
atmosphere, the peak maxima shifted to longer wavelengths, due to the formation of 
the aquochloro-complex, [Co(NH 3 ),(H 30 )CllC 1.3 At still higher temperatures, the 
singte peak disappeared, giving the curve for the dichlorotetrammine-complex Thus, 
the denquation reaction can be followed by the reflectance spectra at elevated 
temperatures 

S Freeman and B Carrou J Phys them 62, 394 (1VS8) 

M Mori, R Tsuchiva and Y Orano, Bull Chew Sue Japan 32, 1029 (1959) 
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f'u. f) -I Iigh tcmpcratun. ri.ncclan(.c ^[1Cv.tla curves ot [Co(NH 1)4(1 ljO)C l]t Sample 

sill face tcnipcraluic indicated 

The rctlcctancc curve lot [Co(N U ,) 4 (H/))CI |CK. at loom temperaluie, has a 
peak inaximum at about 540 m/< with some indication of peak maximas m the 600- 
700 m/i range On heating, the 540 m/r shifts to longer wavelengths, then disappears 
to give the curve for [Co(NHj),CI_,]CI This was similar to that found tor the 
diaquo-complcv 

General From the above, it is seen that the diaquo-complexes deaquatc in a step- 
wise manner to give the dihalotetramminccobalt (111) compounds If the minimum 
weight-loss lemperatuics are taken as an approximate criteria for the theinial stability 
ot the complexes, the order is clearly chloride bromide complexes This is the 
same order as was found for the (Co(NH ,)jH jO|X , type complexes Likewise, the 
decomposition of the dih.ilotetramminccobalt (III) complexes was similar to that 
previously reported for the liexammme- and pentainminccobalt-(Il I ) complexes 

Acknowledgement — The support of this work by the Robert A Welch boundation of Houston 
Texas, is grateful 'y .icknowledgcd 
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FORMATION OF DIBORANE BY THE INTERACTION 
OF DISILANE WITH BORON TRICHLORIDE* 

C H VAsDvKitandA G M-uDiarmid^ 

John Jlcirrison Laboratory of thcmislty. University of Pennsylvania, Philadelphia 

{Remied 16 Mauh l%3, in iniscdfoim 7 Ma\ 1 %J) 

abstract Although BCI , does not reael with Sil!., it docs icael with Si dl, at 0 to give quantitative 
yields of B.H,j and polyehloiodisilancs No reaelion oeeuis between SiH,CI and BC'L, Ol between 
B1 I and Si.H„ A possible icaction ineehamsin is prv'peised 

As part of a continuing study of the' property's of the silieon-silicon bond,'' - jt was 
eonsidcred desirable to dcleimine whethei disilane would leaet with HCI, The 
mvesttgation was piomptcd by the fact that the highei silanes have been lepoited to 
leact readily witli seveial halogeiwited eonipounds stie'h as CUCl/'’* and PI,.'*' etc , 
under mild eonditions Since no leaetn'iis ol this type have been lepoited to occur 
with SiHj, It appeals that the leietions aic in some way iclated to the presence of a 
Silicon-silicon bond in the molecule 

RESULTS AND DISCUSSION 

StocL and Siimii.iR"* found that icaction occuired with explosive violence 
between Si,H^, SijH(, or SlU,,, and CCl, oi CHCl, when even a tiace of dissolved an 
Ol oxygen was present However, with piiic C HCl.and SplE, a contiollable reaction 
took place at 50-70 ' in the piesencc ot AljCI(, catalyst to give C H|, CH^CI, C HX'l,, 
and polychlorolrisiianes of the type Si,HjCI,, etc No reaction occurred when S 1 H 4 
was used in place of the higher silanes In analogous types of reactions, Emilils and 
Maddoc have icported that undciwciu r'aclion slowl- with CHIj at room 

tempeiaturc and rapidly vvith Plj at ItX) witliout catalyst, to give picsumably lodv)- 
tctrasilancs, whereas with substances such as ( HCl) and CHBr,, AbCl^ catalyst was 
necessary In the lattei leactions, the coi lespondmg methylene halides weie obtained 
tn addition to halogenatcd polysilanes 

St HArFUR and Ross"’» have repoitcd that SiH, underwent reaction with BCI^ to 
give a 67 per cent yield of B.Hg when it was mixed with C H,NNCHj and iriadiated 

* This I epoi 1 IS based on jivii lions ot a thesis le> be submitted by C H V sn Dv kl to the Gi aduaie 
Sehool of the University ol Pennsylvania in paitial lullillme'nl ol the' le'quiieiiicnts for the de'gree of 
Doelor of Philosophy This study is in part a eontiibulion Iroin ilie Laboratory foi Reseaieh on the 
bti uelure of Matter, University ot Pennsylvania, siippoilevi by the Advanced Researeh Projects 
Agency, Othee ol the Sceretaiy of Defense 

t DuPont reaehing Fellow. 

1 - Alfred P Sloan Fellow 

L CT L Ward and A O MacDiarmid,^ Jnon; .\u(l Chun 21,7X7(1961) 

'-’A D Craig, J V Urpnoviic 11 and A G M u'Diarmid, / Chen, Soc 548 (1967) 

'’ J V URtNovncH and A G MvcDiarmio.J Chen, Soc 1091(1961) 

"’A Stock and P Stiebellr, Bcr Dtsch Chen, Ocv 56B, 1087 (1921) 

H J EMFLtusandA G Maddck k / Chem So, till (1946) 

R ScHAEi TER and L Ross, / A,ner Chen Sac 81, 1486 (1959) 
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with ultra-violet bght The photo-decomposition of the CHjNNCHg produced fn 
radicals which were presumed to initiate the reaction However, it was not cleai 
whether it had definitely been proven that S1H4 and BCI3 did not react in the abseixe 
of CH.NNCH, 

It was determined in this investigation that S1H4 or the substituted silane, SiH^C I, 
underwent no reaction whatsoever with BCI3 in the vapour phase at 0° during ,i 
period of 12 5 hr Under identical experimental conditions, Si^Hg and BCI3 m the 
molar ratio of approximately 2 1 were found to react to give 100% yields of Bdl^ 

and a mixtuie of SxHjCl, SioHjCl, and Si^HgClg When the molar ratio of SijH,, to 
BCl, was increased to 9 1, no Si^HjClj was formed, but some Si, H4CI2 was produced 

in addition to SxHr.Cl Infrared evidence suggested that when the above reaction w,is 
carried out at low temperatures, intermediate species, possibly chlorodiboranes, wcil 
formed winch decomposed to give B^Hg This appeals likely since chlorodiboianos 
aie reported to decompose rapidly*"’ The first two steps m the reaction would i 
therefoie appear to be as follows 

Si.Hg f- BCI^-^Si^HgCl + KHBCy^ 

3(HBC1,)2 BaHg + 4BC13. 

Further chloiination of the S12H5CI could then occur to give the polychlorodisilancs 

It was particularly interesting to find that BF3 underwent no reaction whatsocvci 
with SioHg even after 19 hr at loom temperature This difference in behaviour 
with BF, is probably not due to thermodynamic factors since the dilTerence in bond 
energy between B — C 1 and Si — Cl is 18 kcal/mole and that between B — F and Si — F is 
19 kcdl/mole, the boion-halogen bond having the greater bond energy in each case 
Entropy factors would be expected to be similar in analogous reactions involving 
BCI3 and BF3 

Reaction may proceed by a rate-determining step involving electrophilic attack ol a 
hydrogen by BCIj, or by nucleophilic attack of the silicon by chlorine In either case 
the BCIj might be expected to react more rapidly Since BFj is a weaker Lewis at id 
than BCIj,**” the formation of a Si • H • B bridge would be less likely to otci.r 
with BF3 The tendency for nucleophilic attack of the silicon by a halogen is uNo 
likely to be less with BFj In this case, the electron density on the fluorine atoms will 
be reduced considerably because of p„ — p„ interaction between the fluorine and llu-’ 
boron, which is greater than that between chlorine and boron in BCl, In siilxr 
case, a four center transition state such as (A) could be involved. 

H 

/ 

H 3 S 1 Si H 

X 

Cl H 
B 

a ' c, 

(A) 

H I ScHLESiNC.LR and A B Buro, / -Airier Chem Soc 53,4321(1911), A Stock, F Ki ‘ 

O Priess, Ber Dtsch Chem Oe\ 47,3115(1914) 

T L CoTTREiL, The Strengths of Chemical Bonds, Butterworlhs, London (1958) 

H C Brown and R R Holmes,/ Amer Chem Soc 78, 2173 (1956) 

L Pauung, The Nature of ihe Chemical Bond, 3rd hd , p 318 Cornell, Ithaca, New York ‘ 
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Formation of diboranc by the interaction of diMlane with boron trichloride 

The observation that but not S.H, or SiH.Cl, reacts with BCl, is consistent 

with the greater reactivity generally noted for compounds containing a silicon-silicon 
bond For example, S12H.I and (Si^H-J^O are spontaneously inflammable in 

air. whereas SiHjl and (SiHjl^O are not It has been suf^gested previously that 
attack of a silicon atom at a silicon-silicon bond may proceed through the simultaneous 
overlap of a r/-orbital on each silicon, by a filled /i-orbital of the attacking group 
This would give a transition state analogous to a structure proposed for Al2(CHj)(, in 
which an SP® orbital of a budge methyl overlaps an SP-' orbital of each aluminium 
atom simultaneously If the silicon -silicon bond in SnH,, should undergo attack 
of this type by a chlorine of BC 1 „ then the charge would be distributed over two 
silicon atoms rather than one, thus promoting formation of the transition state 
A somewhat similar explanation has been olleied to explain the fact that Si^Hg reacts 
more rapidly than S1H4 with HI "'> 

It IS of interest to note that BCI„ in addition to not reacting with SiH^CI, did not 
cause any appreciable disproportionation of the SiH,tl to occur under the experi- 
mental conditions employed 


rxPh'tiivirNi AL 

All work was carried out in a Pyr^x glass \aeuuni system The apparatus, instruments and tech- 
nu-itics used wore similar to those previously described"'" Mass sjieclra were obtained on a 
C'onsolidatcd 21-1 10 Mass SpcctioiiieUi 

Commercial BCI 1 tmol wt lound 1 18 7, calcd 117 20, infra-red spectrum identical to published 
spectrum"*'), and nr 3 (mol wt found 66 9 calcd ,67 HI , vapotii-piessuic at —111 5". found 107 mm 
calcd , 314 mm,"'’' infrared spectrum identical to published spectrum"'’ were used without further 
purification Disilane was obtained by the rcdticiion of SoCh m di-n-butyl clher by L 1 AIH 4 "" 
Its purity was checked by its molecular weight (lotind 62 healed , 62 21), and infrared spectrum 
Silane was obtained as a by-product in ihe disilane preparation and was purified by several distillations 
ilirotigh a trap maintained at —114 Its purity was checked by its molecular weight (found 12 1, 
calcd , 32 12) and infrared spectrum SiH,Cl was obtained by reading (SiH3)20 with BCh at 
78“ for 12 hr‘-"> and was punhed by distillation tliiough a liap held at 126' Its purity was 
checked by its molecular weight (found 67 I. calc 66 57) and infrared spectrum 

Silane aiul haion li icliloi iile Silaae (0 0459 g 1 41mi.iolc) and BC f ,0 0606 g, 0 517 minolc) 
wlTc distilled into a 200 ml bulb and wtre held at 0 lor 12 5 hr No liquid phase was present An 
inlra-rcd spedrtim ot the mixuiic indicated that only ihe slailing malcrials were present Silane 
(0 0465 g, mol wt found 32 5, calc , 32 12, infia-rcd specTi urn identical to that of pure compound"") 
was separated fiom BCI,t0 0598g, mol \M found 117 7, calc 117 20, confirmed by infra-red 
spectrum"'") by dislillalion throut;h a trap hefd .it -134 The combined weights of the materials 
lecovercd coiicsponded lo 99 8 per cent of Ihe combined weight of ihc reactants 

Sil^’l ch/orule and hoion li ic hloi ide Silyl chloride (0 0295 g 0 441 mmole) and BCI-, (0 0268 g, 
0 229 rnmolc) were distilled inlo a 200 ml bulb and held at 0 lor 1 2 5 hr No liquid phase was present 


(II) 

1121 

'Id) 

(Ml 
( I j) 

( l(i) 

( t~) 
( 18 ) 
(Itt) 
( 20 ) 
(dl I 
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M Abedini, C H Van Dyrf and A G MArDiARsiin J Inoi'^ Aii</ C /leiii 25,307 (1961) 

K S Fitter and R K SliniNr,/ Chein Ph\s 16 , 552(1948), P H Ltw is and R E Rundil 
ihid 21, 986(1953) 

R t SCRUBY, J R LArHiRandJ D Pxrk J Chem P/nr 19,186 (1951) 

O RuirandO Bketschni inut, ^ 411011 ; (Imn 206 , 59 (1912) 

C R‘ Bailfy, j B HAiFaiid I W Thompson, P/(« Ro\ Soc A 161, 107 ( 1917) 

G W BFTHXFandM K Wiison J Chun Plm 26 , 1107 (1957) 

H S Gutowsky and h O Stfjskal,/ Chem Phy> 22,919(1954) 
k H Tindai, J W SiRALhYandH H NiLLSFN,P/nv Rn 62. 151 (1942) 

M Onyszchuk, ( o/trir/ 7 Cluin 39,808 (1961) 

C Newman, J K O'Loanf, S R Polo and M K Wiison, / Chim Ph\^ 25,855 (1956) 
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An infra-rcd spectrum of the mixture indicated that only the starting materials were present T| 
absence of an absorption at 877 cm indicated that no SiH^Cl^ had formed through the tli 
proportionation of the SiHjCl 

Disilane and baton ttichlonde Distlane (0 0970 g, 1 56 mmole) and BCl , (0 0868 g, 0 741 mmok ) 
were distilled into a 200 ml bulb and were held at 0' for 12 5 hr No liquid phase was present initial] . 
but at the end of the above period a trace of transparent deposit was observed at the bottom ol ii^ 
reaction vessel The reaction products were separated by means of a low temperature fractionaiin ; 
column similar to that described by Coates Slightly impure (0 0115 g, mol wt found 28 i 
calc ,27 69, confirmed by infra-red spectrum'"’') was obtained at a column temperature of appmsi- 
mately -123 The mtra-red and mass spectra of the material showed that the impurity consiskd 
only of SiHj The quantity of pure B™Ho present, calculated from the molecular weight was 0 0103 ^ 
(0 372 mmole, 100 per cent yield) It was not possible to separate B,Ho and SiHj from each other 
quantitatively m the vacuum system because ot the small diflerence in their boiling points 

On allowing the residue in the traclionating column to distill slowly from a trap at — 1 1 2 , slighiK 
impure excess Si..H|, (0 0394g, mol wt found 63 6, calc , 62 23, inira-red spectrum identical la 
that for pure SijH„"' "*') was obtained On redislillation, a sample of completely pure Si,Hr, (mol 
wt found 62 0, calc . 62 23) was isolated The remaining volatile matei lal (0 1 24 g, mol wt 136 0) 
could not be separated quantitatively in the v.icuiim system Its infra-red spectrum was consislvm 
with the presence of SijH.Cl’-' and Si.lliCL"-" m the mixtuic The mass spectrum of the mixtnn, 
showed the presence vif Si^H^CI, SijH,Clj and SijHjClj No hydrogen was formed during the 
reaction The combined weights of the volatile products amounted to 95 2 per cent of the weight 
of the reactants 

When the icaction was repeated using a 9 1 molar ratio of Si.Hf, to BCIj, Sidf^Cl and Si^H^CI , 
but no Si.H|CI| weie observed in the icaction products In a 16 hr reaction at room lempcratiirv 
hydrogen was liberated in addition to the pioducts stated above A considerable amount of brown 
VISCOUS non-volatile material was formed in the reaction vessel In another 16 hr experiment at 78 , 
a reaction similar to that first described took place No hydrogen was foimcd, but a species w.is 
observed which rapidly decomposed to give BTI, in the gas infrared cell 

Disitaiic and hut on tii/iaoiidc Oisilane (0 0877 g, 1 41 mmole) and BT^ (0 0498 g 0 734 ininolc) 
were distilled into a 200 ml flask and were held at 0’ for 12 5 hr An infra-red spectrum of the mixture 
indicated that only the starting materials wcic piesent The mixture was therefore held at looin 
tcmpcratuie for an additional 19 hr and after this tune the infra-red spectrum indicated that nu 
reaction had occurred Sevenil distillations of the mixture through a trap held at 134 gave Si If 
{00840g, mol w't lound6l 9, calc 62 23, confirmed by infra-red spectrum"’ "") and BF,(0 0529 g 
mol wt found 67 3, calc , 67 82, infra-rcd spectrum'"” indicated a trace of Si impurity) Ihc 
combined weights ol the materials recovered corresponded to 99 6 per cent of the combined weights ul 
the reactants 

J A HAWkiNsandM K Wilson, 7 C/ietn Phys 21, 360(1953) 

G F CoAiES, y Chem Sac 2003 (1951) 

W C Price, y Chem Phys 16, 894 (1948) 
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LETTERS TO THE EDITORS 


I he structures ol Znl iVO, and Znl.iNbO, 


(RidiicJ 17 \lav iy('2) 

In nil 1 . 1 I 11 IS 1 . ol an l^Vl.^ll^atlon of Lomiii'uiuls with nidtiLd spiiiLl sIililUiu. \vc li icd to pitpaic 
/iiK lilhiiiin \ mad itL mil mohalL (Znl i\0, ind/nliNb()|) 

^n mtiniali nii\liiK ot high-purilv lilhmni tarhimali. Lij( O,, /mi. oxide Znf) and vanadium (or 
ninhium) pentovide V_<) , ( Nh_() ) w is In cd loi 24 lir al 700 t (al lOOO C icspcctivcly) m an atinos- 
pfierc consislinp ol a inivluie ot equal pails ol oxygen and eaibon dioxide X-iav povvdei diagiains 
ol the leaction produits uiie obtained with ( i>In / ladiadon on a Norcleo dilliaetomclcr 

Znl iV'O. 

Ibis eompound has reeeiitlv been piepaied bv Di.rii'" Our lesiilts aic in agrceineiit vviili those 
I e ported ZiiLiV () , has phe n.ie'te si i ue line with <i 14 I S 4 and i 9 IKfs A ( [)ui<ii 's values are 
14 10 A and 9 49S| A i espee lively ) ke iiKinbei ing lhal coball and niekel I ilhiiim vanadate (Col i \ O , 
and Nil iVC),) have spinel sduetuie' ' and that in the pheiiaeite ediieUiie the anions do not lorni a 
eluse paeking as is the ease in the spinel siruetuie it seemeil woilh while trying to translorrn the 
phenaeite phase ot Znl AO, into a spinel phase by pressuie We sueeeeded in bringing about this 
ti ansloi mat ion bv keeping the sample toi '2 hi undei a piessuie ol 1() kb at a tempeiature ol 400 ( , 
Using a simple se|Ueevei appai itus is deseiibed in leleicnec' " eoohng under pressure to room tem- 
pei It III e iiiel finally 1 emov inu the pressui e I Ip till now only ohv ine-spinel ti ansloi illations have been 
lepoiled " As lai as we know this is the Inst example I'l a plieiiaeite-epinel tiansloi m.ition The 
\-rav diagi.im ot the spinel phase ol Znl.iVO, shows the well-known spinel icneetions without any 
supelsti lletuie lelleellOlls The eell edge is ii S 109 A From a ealeuLilion of the iiileiisities of the 
relleetions we eoiielude that the ealion distribution is V ll.iZn|(7|, the peiitavnlcnt vanadium ions 
oeeupymg the tetrahedial sites Fiom the eell dimensions ol the phenaeite and the spinel phase ot 
ZiiLAO, their densities can be ealculated I hese appeal to be 1 19 and 4 14 lesptelively 

ZnLibNbO , 

1 lom the \-iav diagiam ol /me hlhiuin niobate it lollows that the unit eell ol this eompound is 
letianonal with lalliee parameleis a 6 0S2 A and t 8 402 A (i/u I 18) Another unit eell is 
possible howevei this one beingd slightly tetragonally defe'rmeil eiibe w ith lat'iee parameters « 8 002 

(i e 6 082 \ 2) A and i 8 402 A Uju - 0 977) Using this latter unit cell the X-iay diagram 

shows the lefleetions ol a letragonally deformed spinel phase with .1 number of siiperstrueture lines 
The real stuieture ol ZnLiNhO, could not be deduced wilh sufticieiit accuracy from the powder 
diagram 

We tentatively assume that the strueture of ZnLiNbO, can be described as a letragonally deformed 
spinel struetuic with cation distribution Zn|LiNb]<), and a I 1 order ot Li and Nb' in the oeta- 
hcdial sublattice A calculation of the intensities ol the spinel reflections based on this cation dis- 
tribution was 111 good agieement with the experimental values Calculating the intensities of the 
superstructure lelleetions the experimental values agiee most satisfactorily with a model in which the 
rows of octahedral sites in the fl 10] and [TIO] diicctions ate occupied in the sequence Li-Nb-Li-Nb 
and the rows in the [101], [TOl] [01 1] and [OTij directions in the sequence Li-l i-fslb-Nb This super- 
structure was pri'posed some ycais ago as one of the possible reasons lor the ictragonality ot copper 
ferrite'''’ Afterwards tins appeared to be a misconception The superstructure ol lerrous lerrite 

A Dui<ii,5/(// Soc flam Mino Ciisl 84, 322(1961) 

J C BrRNiiR, P Poix and A Micmi.f K Aiuil Set 253, 1578 (1961) 

'■"D T CiRK.c.s and G C Kf NNruv, 4mei J Su 254, 722 (1956) 

Sec e g A E R inci wood and M Si AiiRot k, Aarn/e ) 193, 1 58 (1962) 

I PRiNCtandR G Treutinc., /I r/a Cm vr 9,1025(1956) 
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WATER ASSOCIATED WITH THE EXTRACTION OF TRIS 
(4,7-DlPHENYL-l.lO-PHENANTHROLINE) IRON(ll) 
CHELATE INTO CHLOROFORM, NITRO- 
BENZENE AND l-DECANOL 


D R GlRE*an(iC E Miioan 

Department of Chemistry, Kansas State University, Manhation, Kansas 

[Reiencd 8 Odoher 1962, /« retiwd jorm 22 Apul 1963) 

Abstract — The number of molecules of water associated with Tris(4,7-diphenyl-l ,10-phenanthroline) 
Ironfll) chelate was found to be 57 0 6 per molecule of chelate The same results were obtained 

obtained whether the species was estracied into chloroform, nitrobenzene or 1-dccanol likewise 
no change was observed whether the associated anion was sulphate, perchlorate or chloride 

Meloan and BRANiar*^* measured the number of water molecules associated with the 
ben/ohydroxamic acid chelates of uranium (VI) and iron (Ml) when extracted into 
l-decanol A general relationship was established between the amount of water 
normally soluble in a given alcohol and the amount of chelate extracted into that 
alcohol They found 6 _l I molecules of water associated with the uranium (VI) 
chelate and 9 L 3 associated with the iron (111) chelate 

Although this was the first published account of the measurement of water 
associated with extracted chelates, SwiEr and Axelrod'^' had been interested in this 
idea in 1940 iclative to the extraction of feme chloiidc into ether from aqueous 
solution This sort of information has been sought more recently in the field of 
inorganic extractions such as the extraction of hydrated acids described by Tuck 
and Diamond''*' More recently Gnu and Mf’oan''*' foun^ 5 f 2 molecules of 
water associated with the bis(8-quinolmol)dioxouranium(Vl) chelate extracte into 

It was felt that the work on extracted chelates should be extended to see if the 
association of water molecules was present only wdh neutral chelate extractions or 
if this also occurred with lon-association chelate extractions 

The tris(4,7-diphenyl-l,10-phenanthrohnc)iron(in chelate was sc ected, fm 

because this chelate system differs fiom the previoulsy mentioned ^ 

the hgand co-ordinates through the unpa.ied electrons on ^ 

atoms with retention of the same charge of the uncomplexed metal 
chelate A second reason for choosing this system was that it could be extracted 
info a variety of solvents, a distinct advantage over the previous chelates 

• Abstracted from a thes.s submitted by D R Ockb to the 
Unive^ty, May 1962 ,n partial lulfiUmcnt of the requirements for the degree of Master 

'"C E Meloan and W W Brandi, ^ and Nm! 

'“'E H SwiFrandJ Axelrod, T 4wei C/n-n, 

""D G TuexandR M Diamond 7 Wm < hem 6.. 1 ) 

“’D Glre. andC E Meloan, T Inoit; him! Chem 117. ( 
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reason was that the basic phenanthroline molecule has many known denvativi 
which would allow further correlation studies if lequired 



Fig 1 

The structuie of 4,7-diphenyl-l l()-phenanthrolinc is shown in Fig 1 
This type of ligand forms a 3 1 chelate with iion(ll) which has the following 
octahcdial configLiiation (Tig 2) 



Fig 2 


This system enabled the change of anions while maintaining the chelate cation 
intact throughout a senes of analogous extraction measurement experiments 

EXPERIMENTAL 

Apparatus 

Beckniaii nioiUi DB spccliophoioitutci All spectrophotometne data were obtained using a 
Model DB recording spectrophotometer equipped with matched 1 00 cm sihca cells 

Af-1 ac/iianicter A Beckman KF-3 aquameter was used for the automatic titration of the water 
usmi; the dead stop endpoint detection system The KF-3 permitted the method to be tree of huiimi 
error inherent in colour judging, eliminated distinguishing betw'ccn true and false endpoints, and 
permitted the titration of coloured solutions 

pH measurements All pH mcasuicmcnts were made using cither a Beckman Zcromalic oi i 
Beckman Model N pH meter 

Beapents 

The dry methanol, the standard water solution, pyridinium iodide and the Karl Fischer reatsiii 
were prepared as described by Mlloan and Brandi"’ 

Water lon-frce water was prepared by running distilled water thiough a column of mixed ixd 
ion exchange resins, previously treated to insure water with a specific resistance of greater ilmi 
10' D/cm, as described by Samufi son 

l-Dccanol This alcohol, as well as all of the other alcohols was distilled in an all glass still j' 
prior to use to remove peroxides which destroy the chelate 

Nitrobenzene Reagent grade nitrobenzene was used without any further treatment An inlrii I 
spectrum of the nitrobenzene was obtained with a Perkin Elmer Model 237 Spcctrophotomi ' i 
When compared to a standard spectrum, no impurity bands were found , 

Standard ton solution A 0 01 00 M iron solution was prepared by weighing out 0 5585 g of 9‘) ') ; r 
cent iron wire and transferring to a 500 ml conical flask Five ml of concentrated acid (depend* 't 
upon the anion desired) and 30 ml of de-ionizcd water were added Gentle heat was appheu *’ 

O Samuflson, Ion Exchangers in Analytical Chemistry p 259 Wiley, New York (1956) 

C E Meloan Doctoral Thesis, Purdue University (1959) 
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dissolve the vsirc and the solution ^^as allowed lo cool The solution was then transferred to a 
1000 ml volumetric flask and diluted to the mark with dt-ionized watci 

0 01 M AJ-d,phenylA \yhenanth,.Une C .1I,„N„ ,„ol i.r , 332 41 A 0 01 M solution of this 
compound w^s pr^P^red by dissolving ,he compound in 50 ml of absokiie ethanol and diluting the 
solution with 50 ml ol H ,0 Alternately, 1-decanol was used as the seiKent 

Ji.choxvlammonmmchlonde^ lO/i,, untcn,„co„s ud.<,„w len grams of reagent grade hydroxyl 
ammonium chloride was dissolved in 100 ml of water The soluhon was then placed in a ml 
conical separatory funnel and 1 ml of 0 01 M 4,7-diphenvl I ,IO-phcnanthroI,ne was added len ml 
of chloroform was added and the funnel shaken Allowing time lor the phases lo separate the lower 
red chlorolorm layer was diawn olT The red colour was due to formation ol the iron(IO chelate 
The iron was present as an impurity in the hydrowlammonium chloride The procedure was repeated 
until the chlorofoim layer was colourless, usually one extraction was all that was necessary to render 
the reagent iron-free 

Sodium acetale hii/fii A 10 per cent aL|ucous solution was prepared by dissolving 10 g of the 
trihydratc in 100 ml of water I his solution was rcndeied iton-frcc and copper-tree by the process 
used for hydroxy lamnioniuni chloride 


Method 

The method used throughout the entire investigation vas esstniially that of Meioxn and 
Brandt'^' with suitable variations when necessaiy The Kar' Eischer Reagent (cehnicpie as eh scribed 
by IVIrvrRS et a/'’’ (5) was used lo measure the amount of water p'cscnt in the organic solvents 

I he amount of water in the organic solvent was detcimmed with the atpicous phase containing 
all components except the chelate itsell This comprised the blank determination Solutions were 
then made up containing varying eoiieentraiions of the tlx late in the esrganicphase The amount of 
water was dete’rmincd in the organic phase ol each of the concentiations The number of moles 
ol water present in a given volume o! organic phase was plotted against the number of moles ol chelate 
present in the same given volume (if <siginit phase (see I ig 3) Tlx eoneentraiion of chelate present 
was determined spcetrophoiomelneally 

At least squares dclei minaiion was then applied to the data lo obtain the slope of the straight 
lin^ into which the data devciopcti This slope yitidetl the mole ratio of water molctules to chelate 
molecules in the organic phisc fhe iniereipl ol tlx straight line gave the soluhiliiy of water in the 
organic solvent at 7cro eoiieontiaiion (>l chelate 


Pi on dun’ 

The proceduie lolUsvvcd fvir the formation of these ch'^latew was essei'liilly that of Oithl and 
Smuii in their bvxiklets concerning the chemistry esf Rrroin eixlalcs I he cliclatc formation took 
place m the a(]ucous phase and when complete, the extiaetmg solvent was ihen avided aiiei the extiac- 
tion proceeded as in the his|8-quinolirxs|)dKi\ouraniiim(V I) method 

The ligaiiel was eilhei disseslvcd m vvate'i vsr in the else ot low soluhilitv, prepared in ethanol- 
water solutions In scime insianees the ethanol ehange’d the expenmcnial conditions in that it 
increased the solubility of water in certain oiganic solvents If this condition arose, the ligand was 
prepaicd as a solution using the extracting soKeiil as the ligaixt solvent Altcinalely, the ligand was 
added to the aqueous phase as a solid In tlx latei two eases each chelate sample was analysed 
speeti ophotomet i ically 

It was important to note that in each experiment a diticicnt oider of concentiations was used m 
obtaining the raw values That is, one time the K tsl coixentiated chelate solution was prepaicd 
titrated first followed by the next most eoixentialcd solution prexeeJmg in uider of increasing 
concentrations to the bnal concentration Another time the orik r wtxild be ev'mplctcly rcvcised and 
then random selection was used 

At least two and sometimes more solution blanks weicpieparcd and titrated with each experiment 
Usuallf one blank would be run initially and the second blank would he run after all of the chelate 

'’'R J Mlyi:rs, D C Mil/LlRandE N Swiii.y ime/ Clum Sm 72. 3767 11950) 

H C Diehl and O F Smiih, The Inm Reuqi’iil Bath phi nanthioUin lAb-Tiii>\rHhl-!,-Tiiazmc 
and Phenyl-2-Pyridvl KetoKime e olumbus Ohio I'lcCi Fiedenck Smith Chemical Company, 
1960 



1510 


D R GiRi .ind C E Mlloan 



solutions had been prepared and titrated This was not a strictly adhered to tethnicjiie howtstr 
This was because there was usually no detectable diHerencc between the blank solutions run at 
different tunes 

Another procedure followed was the preparation ol reagents The usual method followed was 
to prepare each reagent freshly for each espenment with the exception ot the standard metal ion 
solutions This would preclude any error due to miscalculation of any concentrations 

Diekiuic comtanl mea'iureiiieni A calibration chart was prepared by plotting instrument 
readings ol the Sargent Chemical Oscillometer vs dicicctiic constant values were obtained Ironi 
Morrison and Frciscrs book "" 

RESULTS AND DISCUSSION 

Extraction of t ris(AJ -diphenyl-] ,\0-phenantlirolme) tron{\\) ihelate 

Knowing that some “neutral” chelates, ex.tracted into alcohols and organic 
solvents such as chloroform, carried waters of association along with them, it was 
felt that ion-association chelate systems should be looked into to see if this phenomena 
was also present there 

It was felt that the“ferrion” chelate systems would present a good starting point 
because the chemistry of the entire family of chelates had been so well worked ort 
previously Another factor considered in this choice was the fact that the chclat' s 
extracted quite well Some of the distribution ratios are as high as 3600 In adijitiv i 
it was known that this chelate was extractable into at least three different soivciH 
namely, 1-decanol, chloroform and nitrobenzene 

G H Morrison and H pREistR, Solvent Extraction in Analytiial Chemistry J Wiley, New V ' 
(1957) 
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It was found that the tr,s(4,7-d,phcnyl-l, 10-phenanthrol,ne).ron(l[) sulphate 

lon-association chelate extracted into chloroform along vvith 56 ; 4 0 molecules of 
water Table I gives the results for the calculation of the slope of the plot of chelate 
concentration vs water concentration by the least stiuares method 

Taiiil I — Rcsl.i is or a leasi squares di ierminaiion of 

OIL NUMUER OF WAIER MOLEf Ul IS ASSOC lAIFD VV I 1 1 1 IRIS(4,7- 

DlPJJiNYI-J,l0-njr\ANIIIROLIM IroMJIJ 


Results 

(based on a minimum ol 
15 mdividiid! dettimina- 


Anion 

Solvent 

lions) 

SOr 

C hloroform 

5b 

4 

CIOi 

C hloroform 

56 

4 

Cl 

Chloroform 

61 

4 

sop 

Nitroben/Liic 

51 

5 

CIO4 

Nitrobenzene 

56 

5 

Cl 

Niiroben/ene 

59 

5 

SO,= 

l-de'eanol 

00 

10 

CIO4- 

l-dceanol 

6H 1 

10 

Cl 

l-deeanol 

Chloroform alenie 
Niiiobenzeme alone 
I-de’canoi alone 

48 10 

1 3 mg/ml 

2 9 mg/ml 
40 0 mg/ml 


U was of interest that much greater concentrations of chelate were used here than 
with the bjs(8-quino|jnol)dio\ouranium(VI) system*'’ The concentration was so 
great in fact that in some of the more concentrated solutions, the chelate precipitated 
out of aqueous solutions This, howevci, had no effect of the results As soon as the 
organic solvent was added and shaking of the separatory funnel commenced, the 
solid precipitate dissolved in the organic solvent It was observed that this was essen- 
tially an instantaneous dissolution in that the aqueous phase w .3 completely clear and 
colorless by the fifth inversion 

The concentration of chelate in the oiganic phase in most instances was assumed 
to be the thcoietical amount of chclateformed from addition ofstoichiometiie amounts 
of metal and ligand standard solutions It is known"” that the trisC4.7-diphenyl-l ,10- 
phenanthroline iron(ll) chelates have large foimation constants and a distribution 
ratio of 3600 The huge distribution ratio predicts a completely quantitative extraction 
with one stage or theoietical plate 

In cases of doubt, such as w hen the extraction solvent served as the ligand solvent, 
and when the ligand was added as a solid, the concentrations were obtained by meas- 
uring the absorbance of a 1 10 aliquot of the organic phase and using a Beer's Law 
calculation based on published values of the molai absorptivity This technique 
was applied in known and suspected cases of addition ol excess ligand oi metal ion 
solutions also 

It was observed that neither the sodium acetate butler, hydroxylammonium 
chloride, excess iron (II) solution, excess 4,7-diphenyl-l ,10-phcnanthroIine, nor 
ethanol effected the water dissolved in the chloroform This included the ligand 
which was completely extracted itself when uncomplexed It is conceivable that the 
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ligand could carry over one molecule of water in that some of the phcnanthrolmcs 
are obtained commercially as the monohydrate However, even if a one-fold excess 
were accidently added and extracted, this would not have added an appreciable error 
There was no experimental evidence that the monohydiate was extracted however 
The preciously mentioned techniques" such as centrifuge time and water- 
bath equilibrium time techniques were followed here as well It was noted that the 
chelate was stable for a consideiablc length of time 

The tris(4,7-diphcn)l-l ,10-phenanthrolinc iron(II) perchlorate and chloride were 
prepared and extracted into chloroform The numbci of water molecules associated 
With each molecule of chelate weie 56 0 h 4 0 and 60 j. 4 0 respectively The mean 
value foi the three amon-association chelates would then be 58 Because the average 
deviations among a group of titrations at the same concentration foi a given anion 
present was of higher value (approximately 4 0), one could say that a change of anion 
had no appreciable ellcct on the number of water molecules associated with each 
chelate 

Since the amon had little or no cfl'cct on the number of waters associated with 
the chelate extracted into chloiofoim, it was decided to extract the various anion- 
substituted chelates into other solvents 

The next solvent was nitroben/ene The values for the sulphate, chloride and 
perchloiatc chelates weic 53, 57 and 56 molecules of w.iter pei molecule of chelate 
These values gave a mean value of 56 It was significant that the avciage deviation 
here was less than the experiments in chlorofoim The blank solubility of water in 
nitrobenzene was approximately three times the value in chloroform This meant 
that either a large amount of Kail Fischer Reagent must be added via the pipette 
or a smaller aliquot of organic solvent must be taken foi titiation Because of the 
inherent dilTicultics of prepaimg and st.mdaidi/ing Kail Fischer Reagent, a smallci 
aliquot vvas taken and the corresponding small amount ol Karl Fischer Reagent 
Ten ml aliquots were used for titration of nitrobenzene samples It vvas observed that 
much better precision was obtained with the titrations of the nitrobenzene blank 
solutions than the chloroform blanks A possible explanation foi this might have 
been the gicatcr presence of emulsified water in chloroform than in nitrobenzene 
The two phases appeared to separate much more rapidly in nitrobenzene than in 
chloroform This could possibly have been due to relative diflcienccs m specific 
gravity ( 1 203, 1 489) 

The next was l-decanol, the original solvent used by Mi tOAN and Brandt 
The values in 1-dccanol for the sulphate, chloride, and perchlorate chelate weic 
60 and 48 and 68 respectively for an average value 57 molecules of water associated 
with each molecule of chelate 

The poorer precision achieved in this solvent was not at all surprising considering 
that the solubility ofwater in the solvent blank was some forty times that in chloroform 
A 5 ml aliquot of 1-dccanol took nominally 75 00 ml of Karl Fischer Reagent com- 
pared to a nominal 12 ml Karl Fischer Reagent required for a 25 00 ml aliquot 
of chloroform Thus even the blank values would be expected to have a poorci 
precision in l-decanol This may be an anion effect, however, the precision must 
be improved before this can be ascertained 

In the previously used extraction solvents prior to the l-decanol experiments it 
was observed that the ethanol used as the ligand solvent had no effect on the numbci 
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of molecules of water associated with the tiis(4,7-dipheny]-I,IO-phenanthroline) 
non{TI) chelate However, preliminary experiments indicated unbelievably high results 
Addition of increments of ethanol to blank solutions ga\c corresponding increases 
in the solubility of water in the decanol (See Table 2 ) Dielectric constant measure- 
ments confirmed the fact that at least a ccitam amount of ethanol was being extiactcd 
into the 1-decanol 


Tahi r 2 — Erfi< 1 of hiianol ov imf sohiiiiiiiy 

OF WA HR IN l-0lfA\0( 


Sample 

Ethanol by 
Volume 

Mg 1 1.0/5 0 ml 

Dielectric 

constant 

1 

0 0 

144 

6 5 

2 

00 

152 

6 5 

3 

0 0 

148 

6 5 

4 

0 0 

1S2 

65 

5 

16 6 

ISS 

12 5 

A 

16 6 

185 

12 5 

7 

16 6 

185 

12 5 

« 

166 

185 

12 5 


This difficulty was obsiatcd by adding the ligand as a solid 

Using the tns(4,7-diplicnvl-l.I0-phenanthro!inc) iron(Il) perchlorate extraction 
as a basis of comparison, the diclectiic constants of scxcral solvents which extracted 
the chelate were obtained and also the dielcctiic constants of two solvents which failc'd 
to extract this chelate to any measurable extent Table 3 shows the results obtained 


TAmE3 DitLECtRK ( 

ONSIAMS OF 

OR0 4M( 

SOLVENJS 


Dielccli 1 C 

n,o 

Docs 

Sohent 

constant 

solvent* 

evtiact 

Nitrobcn/cnc 

V5 0 

3 0 

Ves 

Methyl-phenyl 

170 

20 0 

V es 

.-Vi- 

Mcthyl-hex\l ketone 

1 -Decanol 

10 0 

6 5 

12 0 

30 0 

T CS 

Chlorolorni 

50 

1 2 

'l CS 

Amylciie 

2 2 , 4 -trinKth)lpcntanc 

22 

1 8 

0 3 

0 2 

No 

No 


* Solubility in Iciins ol mg ot u.ikr pci ml of soKcnt 


It was well known that the Inghei Che diclccliw coiwlant. the 
compound would d.-sohe Howctc. ,t waa obacaed that the 
in uLlcnc waa 18 10-’ ntolcs of water per 10 00 rnl of an yiene Now .f the 

.r,s(4,7-d.phenyl-l,IO.pl.enanthrohnel trondl) perchlorate won d 

to ,1,; extent of 10 > M (a concent, anon obtan.rf eanly 

would have been expected to carry over 5n i. 10 mo ex o \ 

xome three time, tile xolub.h.y Inn.l Th.a asaumed hat he 06 • 10 nrefc of 

water would have been evenly distributed ihroug iou c amount 

centrated about the chelate it would explain why even one-third of Ihix amount 

failed to dissolve 
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SUMMARY 

There are 57 ^ 6 molecules of water involved with the extraction of the tris(4,7- 
diphenyl-l,10-phenanthrohne) iron(l I) chelate It is not known if, say ten molecules 
aie really bonded, and then this compound alters the dielectric of the solvent, thus 
allowing 40-50 more water molecules to dissolve or if in fact, all of the water is 
bonded to the chelate Current work is underway to attempt to answer this Regard- 
less of where or how the water is present, the amount is fairly certain It was found that 
none of the compounds involved reacted with the Karl Fischer Reagent to give a 
false value and the experimental conditions were regulated and reproduced to the 
point where pH, ionic strength and temperature effects could be ruled out 
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POLAROGRAPHY OF ZIRCONIUM AND HAFNJUM 
IN ACETONITRILE 


J W Olvik and J W Ross, Jr * 

Department of Chemistry, University of Massachusetts, Amherst, Massachusetts and Department 
of Chemistry and Laboratory for Nuclear Science, M issachusclts Institute of fechnology, 

Cambridge Massachuselis 


Abstract Data on the polarographic behaviour of /iiconium and hafnium tctiaeliloridcs in ace- 
tonitrile, in electrolytes of tetra alkylammonium perchlorate and halide are presented The stepwise 
reduction of these metal ions to M (111), M (II), and M (O) is proposed and suppoited by the polaro- 
giaphic data 


A 1 ARtiH number of elements tncluding the aikalt metals, alValtne earth metals, 
alumtnum, yttrtiim, lanthanum, rate earth meials. titanium zirconium and hafnium 
give obscured or ill-defined polarographic icduction waves in aqueous media because 
reduction of H ' occurs either simultaneously with or at a more positive potential than 
the reduction ot the metal Waw/oNiK and Rl'nmr*'* showed that alkali and 
alkaline earth metals all give reversible or well-developed waves in acetonitrile which 
IS a much less acidic solvent than water Kotinorr and Conzrr'"' have reported the 
polarographic behaviour in acetonitrile of several other metals which give obscured 
polarographic waves in water 

The purpose of this woik was to investigate the polarographic behaviour of 
zirconium and hafnium in dry CH ,CN 


fcXPtRlMTNTAL 


Acelonilrilc was puriticd bv d.sliliaUon liom P O, uni.l a polarogiaphic residual curren attri- 
butable entirely to capacUve charging current was obtained over the usdul potential range oflclra- 

clliylammonium perchlorate as supporlmg electrolyte a j r v- . . .nU 

letracthylammoniurn perchlor,,tc was picpa.ed according to the method of Koithc. and 

Corrzfi'^' The salt was dried at 60-70 m a vacuum oven and Moled in a vacuum desiccator 

Tetramelhylammonium chloride. Ictr.iethylamnionium b.omidc, and iclraclhvlammonumi iodide 
were obtained as polarographic gr.ide sails from Soulh-wcMcrn Analytical Chemicals These salts 

were thoroughly dried m a vacuum oven and stored m aeetomtnlc. the 

Since tome salts of 

covalent tetrachlorides wet c used /irconium icuacim ■ v c „ i t ^ nramm clock 

Company The material was sublimed in a tube furnace and the -W.matc use 1 to prep^^^^^^^ 
solulLs of ZrCli tn dry CH 3 CN Uafn.um tctrachlo.idc was prepared 

4U u r *1 u . I iiirn ice The h.itniuni mkUI ^^as obtdintu irom iht Wan G naDg 

with hafnium metal in a healed lube furnace Ik halnium Mod solutions in 

Corporation and contained 7 per cent /irconium 1 
CH 3 CN were standardized gravimtlrically by prccipilatinj. 
ammonia and igniting to constant weight 

* Present address Oi ion Research C orp , f ambrid^c Mass 
S WawzoneIc and M F Runnir.Z Uecuoihun Soc 
'•"I M KoLTHorp and J F Cohzii / f 

'■"1 M KoLTHorpandJ F CopT/rr.^ -inui Chrw Six 7 . 
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Apparatus am! methodology 

Polarograms weie obtained using a Sargent Model XXI Polarograph 

The rclcrenee clcetrodc was a meicury pool placed in a solution \M in tctraethylaininonmiu 
perchlorate and containing tctracthylammonium bromide in excess of the solubility This electrode 
varied less than 50 mV over a two month period The resistance of the reference cell and salt bridge 
(I M-tetracthylammonium perchlorate in CHjCN) assembly was between 7,000 and 8,000 il and all 
polarograms w'cre corrected for iR drop 

In attempting to compare successive polarographic waves measuicd at widely dilfering potentials, 
the waves weie corrected for the wide vaiiation in droplime of the D M E 

\11 solutions were deaerated with prepurified nitrogen Polarograms weie determined in 0 lA/ 
tctraethylammonium perchlorate except when dependence of polarographic reductions upon halide 
concentrations was being investigated In those cases, halide was added as designated 

RTSULTS AND DISCUSSION 

Polaio^nipliy in pet chlorate incclta 

Typical polarograms for /irconium and liafmum arc shown in Fig 1 A small 
sodium wave has also been inserted for comparing the potentials of reduction with 
the established potential lor sodium I he current on plateaus on each of the waves 
IS dependent upon diffusion of the ciectroactive species to the electrode and the 
polarogiams do not vary with time All the waves are irreveisible The rising portions 



Eig. 1 — Typical polarograms of zirconium and hafnium in perchlorate media each 

metal approximately 2 mM 
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proposed by VbRWEY'"’ and verified by Abrahams and Calhoun'"' is quae difierent At present we 
are trying to prepare single crystals to confirm this hypothesis 

Sincere thanks are due to Mr C J M Rooymans for pei forming the high pressure experiments 

P/jilips licseaich Lahoialoi les Ci Blasse 

N y Philips' (iloeilunipenfahi teken 
tincihoi'en- Isielliei lunds 

h J VV VERWhY and P W Haaijman P/i)’sic« 9, 979 ( 1941 ) 

S C Abrahams and B A C ai noun, f rn/ 6,105 (1953) 


The viscosity of liquid plutonium, predicted from a general relationship 
between the activation energy and melting points of metals, and the 

experimental data 

(Rucit'cd 5 Jiiiw 1962) 


Rkiniis" " a simple empiiierl iclationship seas demonstrated helsveen the melting point ol a 
metal a id the activation eiieigy ol viscous How of the liquid metal, or W/y, in cal/g atm 

With most metals the change ol viscosity, );(in poises), vs-ilh lenvperaluie, I ( K) can be expressed 
by Amiradi s equation,'" 

1/ a c\p (/A///?/), 

vvheie R the gas const<int .ind //ly was defined above 

I he cmpii leal i cl.tlionship is based on .i smooth eui ve obt.uned when the experimental log,,, Hi/ id 
1 7 met I Is were plotted .igamst the log,,, ol their melting point (in K.) The simplest manner to obtain 
the //ly values is to read them ol the curve lor a given /"n, ,, 1 hey are as lollows ( see big 2 in ret (3)) 


|, ( K ) 

//lyfeal 'g atm 

300 

1040 

500 

2000 

1000 

3520 

1500 

4520 

2000 

5400 


I his Iclationship has been used to predict the viscosities ot liquid 
melting points to 2000 K, togethet with Andrxdl s exptcssion' ” loi the 

III ns iiii li Ill'll poiiil 


// m p (poises) 


5 7 10' ^ 1 ( 1 

I ,2/3 


<lt vvt 


At vedume .it 


U Pu and 1h horn then 
V iseositv ol 1 liquid met li 


the m p ) 


The piedieled values" ' " weie ,ts lollows 


Metal U Pu Ih 

///y (eal/gatm ) 4300 3200 5300 

Recently the viscosity ol liquid plutonium has been me.isuicd,"'’ in the lange ol 64S 950 ( it the 
^loulld Laboiiitoiy Since plutonium is the /mf ed the actinide elements lor which exjiei imeiital 
V iseosity chit.i ate .ivai table (no data aie as yet available even loi the I mthamdce ') it is ol inteiect to 
comp,ire the empirically predicted values with the experimental dal.i This is clone m Fig 1 wheie the 
sliaight line has a slope ol 3200 cal/g atm as expected Irom the low me It ing pcunt ol Pu, 912 7 K 
and the points ,are the expciimcntal lesults of the Mound laboiatory 

I he agieement is very satislaelory and le.ids one to expect salisl.ietoiy lesultswith the lanthanide 
me talc 


" A V ( iRossi , rhe Licpiid Rum^e of Mi hits mid Smiu’ of Tin ii Pin sirtd Pi opi i tu \ nt flipli Tempi i a- 
liins Repoit ol the Rescaieh Institute ol Temple Lmiversity September 1960 
A V fiRossr American Koeket Society, Space Flight Report to the Nation New S oi k Coliseum 
Oct 9 15 1961 Paper No 2159 61 
’’ A V CiRossr J Jiioio Null Chem 23, 333 (1961) 

" F W Da C Andrade, P/ll/ A/irg 17, 698(1934) 
f W Da C Andradi, P/ii/ Mug 17,497(1934) 

"'I J WirirNHiRG, D Oni md W G Rom, Intci mi Progress Report ol Feb 1961 of the Mound 
Laboratory, oper by the Monsanto Chem Co, lor the OS Atomic I nergy C'ommission pp 82 
and 85, sec Symposium of the Amer Soe ol Metals, Oct 1962-Mecling 
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of tlie initial waves are rather drawn out but a well defined plateau is reached well in 
advance of succeeding waves 

In order to test whether the vvave*^ obtained arc attributable to stepwise reductions 
or to reduction of complexes in sluggish equilibrium, polarogiams of ziieonium 
and hafnium were determined at concentrations varying over a thirty-lold range. 
The dependence of plateau currents upon concentration is shown in fig 2 for 


40 


5 

4 

3 


o 



I 


6 


J 



Concentrofion of Zirconium 

1 H, 2 -tuircnt vesus ^onecnl.ation data loi /iiconium 
(.uirciit on tils lirsl plateau 
S -^uHcntsm the hnal plateau 
. ,,no of cu.Knl on seeond wave to ihu on hrst wave 
9 - ratio of total cut rent to eunent on lirM wave 

/ncomum The ratio of the cur/ent on the ’TVc'ra\m^T\hc'' total 

wave-rcmains 2 1 over the langc ol the conccntiation range 

cura'nt to the current oUhelirsI «-i"- ' ‘ e\iets Similar data 

where „ straight line depeudenee a omrem upmt eo^ 

were obtained for hafnium at the higher concentrations 

The current ' I, process In aqueous solution polynuclear 

due to breakdown of the normal dinu P 
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species are predommant for zirconium and hafnium at concentrations above milh- 
mol.ir in non-complexing media less than several molar m acid Although llu 
reduction ot polynuclear species could explain much of the observed curvature, Ironi 
big 2 cui\ature ot cuirent on the final plateau (which we attribute to reduction lo 
the tree metal) vs concentration must result from some other specific elTect upon the 
diftusion process On that final wave, the shape ot the current-time curve for a single 
mercury drop was characteristic of an adsorbed layer at high zirconium concentrations 
0\ci the conccntiation range 0 3 6 mM, the half wave potentials of the fust two 
zirconium waves were constant within the experimental limit of the reference cell 
stability at --0 53 and 1 33 V respectively and that of the first hafnium wave was 
similaily constant at --0 60 V For both metals the half-wave potential of the final 
wave is shitted to markedly moie potentials ( 159- 1 77 for2rand 163 

1 80 for Hf) as concentration of the metal increases contrary to normal behaviour ol 
irreversibly reduced species 

We propose the explanation that the polarographic waves obtained for zirconium 
and hafnium in CHjCN are successive reductions to lower oxidation states All ot 
the proposed lower oxidation states are known in the dry state and would be expected 
to exist in a non-acidic solvent of low solvation energy 
The waves on a given polarogram are represented by 

M(1V) I e M(IU) 

M(lll) -b c- ► M(ll) 

M(Il) I 2e- ► M(0) 

The second step is well developed only for zirconium 
P()lar(>graph\ in halide media 

The elTect ot added halide upon the polarographic behavior of HI and Zr was 
examined Solutions of 1 and Zr(IV) or HI (IV) quickly turned yellow from pio- 
duction of I J and reduction of the metals to the |-3 slate The I oxidized thiosolphate 
and furthermore tctraethylammonium iodide by itself remains colourless in CH jC'N 
over 24 hr open to air Pni'ov and SiciitY*^' have reported on the much greater 
stability of the I , ion in acetonitrile over that in water which leads to a more negative 
reduction potential However the polarogr.ims of the remaining Zr and HI weic 
unaffected by presence of 1 indicating at most very weak complex species 

The effect of incremental bromide addition to a solution containing zirconium o 
shown m Fig 3 In excess Br , one irreversible wave representing the fourelectrvm 
reduction is obtained Bromide addition greatly affects the potential of /r(A) 
reduction Hafnium reacts similarly except that the reduction of the hafnium m 
excess bromide is more negative than the decomposition potential of the suppoiims^ 
electrolyte and higher bromide concentrations are necessary indicating grxawr 
stability of the zirconium-bromide species • 

The chloride effect is even more pronounced In only 0 01 M tetramethylamm'’- 
nium chloride, millimolar zirconium tetrachloride is reduced at - 1 90 V in a sn k‘ 

L P Varga Private communication (1961) 

(51 Popov and N E Skliiv, 7 Amer Chetri Soc 76, 5309 (1954) 
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Fki 3 Addilii'n of bromide to zirconium 
( ur\c I — I 67 m\t in perchlorate 
Cui\e II — with 0001 \t bromide added 
Curve 111 — with 0 002 V/ bromide added 
C urve IV - with 0 016 bromide added 

wave while millimolar hafnium gives no reduction wave whatsoever before the 
potential of decomposition of the electrolyte at -2 4 V 

Halide elTects similar to these have been reported by Koi ihoi-f and Cnrrzrr'®* 
where for cadium and zinc, iodide had the greatest ellect on hall wave potentials and 
chloride the least These and the present data are consistent with observations on 
halide complexation data in aqueous soluticvn lor zinc and cadmium on the one hand 
and zirconium and hafnium on the other 

That halide complexation should lead to more difhcult reductions is not unreason- 
able Larson and IwAMoro*’’ have proposed a mechanism for leductions in CHiCN 
which involves election transfer through nitrile groups and halide complexation 
would disrupt this normal transler process for the solvent CH,CN 

Wcvrk designed to clarify identity of the spccilic complex species involved in these 
polarographic reductions is in progress 

ztot,ipHWg<./m'/ir— Presell led in purl at the 140th Mscungof Vinciican Chemical Sociclv, September 
1961, Taken in part from a thesis submitted in pa.ual fulhllmciil of ilie icc|iiiiemcnts lor the degree 
of Doctor ol Philosophy at the Massachusetts Institute of Technology June 1961 This woik was 
supported in part by the U S Atomic t nergy Commissioii under C'ontract z\T (VO I) 905 

'“'J Bjerrum.G SCHWARZFNBAOII and L G Sii ien, 5r«/.,/irv Cumanirv, Part I, Chemical Society, 
London (1957) 

'"’R C Larson and R T Iw'VMoro.J Chem Sor 82, V239 (1960) 





j Inorg NucI Chem . 1%3 Vol 25 pp 152lii)l';io Ptrgjinon Priis I id Pr nieJ m SorihLrn Ircijnd 


CHEMICAL KINETICS Oh OXYGEN EXCHANGE 
BETWEEN CO AND O, 

E A Th VrRDi RMPN and C A Bamc 

F O M — Laboralonum voor Massaschcidmi;, Kruisla,in 407, Amsterdam 0 


{Received 10 December 1062, in Kiiwd fonii 1 May 1063) 


Abstract In a quartz vessel at teinpeiaturcs above 450 C ovygen evehange between CO and Oj 

oecurs as an independent process parallel to CO; production 1 he cheniieal kinetics of this exchange 
h.ive been studied with '“f) as a tracer at 500 f I he owgcn exchange leaetion is not mnueneed by 
the addition of water, whereas the production ol CO, is considerably i educed The exchange rate is 
onlv slightly enhanced by increasing the surlacc to volume ratio, indicating a small influence of the 
surface At 500 C a rate law 9 A /i, .,’7),,^"', with h 0 68 0 06 and m 0 58 0 05 has been 

found U appeared possible to study the exchange reaction while the simultaneous CO^ production 
was relatively small It is concluded that the oxvgcn exchange reaction is mainly a ga^-phusc process 
whereas the formation of CO^ occurs as a sui face reaction Lvchangc mechanisms are discussed 


It has been shown'" that in a quart/ vessel at temperatiircs above 450 C oxygen 
exchange between CO and O, occuis as an independent pioccss parallel to the forma- 
tion of CO, Jn this paper the chcmicil kinetics, i e the rate and the inlluence of 
various conditions on the rate ol this exchange reaciion are reported The exchange 
reaction involved is characterized by a simullaneous change in the concentrations 
of the leactants owing to the leaction producing CO. We have tried to suppress the 
CO, formation in order to keep the pressuies of CO and O, nearly constant during 

the lime of the exchange 

1 XPrRIMl-NT AL 


Gases , 

fiomagascylmdcr,purityy9 spcrccntoxvgcii Lni idled ^.ascs sc c > Thcireonwas 

naturajgases Oxygen cnuchcd m this w,iy contained an apprecia ' ,,|'irsicvcs asdcscribed 

sepaiatcd from the oxygen by passing the fours’ at liquid air 

in oar picv.ous pape. The gases showed sat, factory purity 

temperature, they were pumped and stored Mass s| ac ; 


Appaiatus x /a, ► n 

r,.c rcaOK,,,, w,.,c puformcO m, a .0 n„„ pm;;;-;;, ";“,Tur; 

volume about lOOcm' The wT' TUr.lT'tvJ Whotil 10 • mm mereurj) wav 

giadient along the vessel was less thin 10 ( T ] 
obtained by a rotary oil and a mcicury ditlusion pump 

Piocediiie . , i is lust baked out for .iboul three days at 

Itafore a senes of measurc'inents the icaction " ^ ,,dmilting the gas mixtures 

700 The vessel was heated to the rc iction icinpc ,, \^,,^el d the desued pressure After 

1 lie gases were mixed and snbscqucnllv led into l ic qua il, oxide in the samples 

icacfion the gas was expanded liom the vessel ^.oilcctcd, then the carbon mon- 

was frozen out in liquid an , the remaining mixtuic The carbon dioxide formed by 

oxide was ox, a.zcd with iodine pentoxide as described picv.ouslv 

A I n, VKUsandl I Nt<,MnRn,J //,<«rg A’«</ Chem 
'C A Bank, E A Tn Virdurmhn, A 1 17i vii 


111 , 


17. 295-301 (1961) 
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the I,Oj reaction was separated from the rcmtining Oj After each experiment the '"O conlciii i 
CO and Oj was determined by conventional mass spectrometry The precision of the contci, 
determined is between 1 and 2 per cent 

R1 SULTS 

The amount of CO, lormed in the reaction was found by comparing the toi il 
pressure of the gas sample and the partial piessuie of the CO, in the same volume 
The precision of the pressure readings is 0 1 mm mercury In Tables I and 2 the 
amount of CO^ formed m a particular experiment is given relatively to the maximum 
possible production of CO^ This quantity is piescnted as “conversion” 

TmUL I -TnILULNCL Ot WV1IR XOnillON ON lilt RAIl or IVCHANI.I 


Temperature 500 C lotal pressure 520 mm Hg 
Mixing ratio CO equal to 2 1 

'’O eontent CO at / 0 0635°,^, ‘"O content Oj at f 0 0 200" 


Time 

^^waU r 

Conversion 



Ratio of exchange rates 

(min) 

(mm Hg) 


1 

F<»t 

for wet and dry mixtures 

15 

. 

54 

0 75 

1 0 05 



15 

1 

21 

0 79 

! 0 05 

1 0 

1 05 

15 

3 

16 

0 84 

1 0 05 

0 8 

, 05 

15 

- 

46 

0 79 

1 0 05 



15 

1 

17 

0 77 

1 0 05 

1 3 

1 06 

15 

3 

15 

0 87 

: 0 05 

0 7 

t 04 

30 

— 

61 

0 63 

‘0 05 



30 

1 

31 

0 62 

' 0 05 

1 2 

1- 0 3 

30 

3 

24 

071 

1 0 05 

1 0 

‘03 

60 


78 

0 43 

: 0 04 



60 

1 

47 

0 39 

- 0 04 

1 4 

‘ 02 

60 

3 

38 

0 49 

‘ 0 04 

1 1 

1 02 


I" /■( o IS the exchange tiaclion calculated from the '"(2 contents v„, \, and .Xo, m CO 


Provided the reactant concentrations do not change within the exchange time 
the exchange rate S is defined by 

S ^ In (I - F) (a) 

f Pco + POj 

/tcoand pn signify the pressures of CO and O.^ in the reaction mixture, Os the exchange 
time, fis the relative exchange, or exchange fraction 

(hi 

■5: „ - Vo ’ 

wherein is the fractional content of in CO or Og, at time f , Xo and arc in 
values for this fraction at f ~ 0 and t - co The values of have beep calculate 
from the fractional ^®0 content and the mixing ratio of the gas components both 

H Nature, Land 142, 997 (1938), J Amer C hem Sac 65,702 (1943) 
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1 AHLL Z 


(Surface n l“ 

U urfacL to volume ratio increased twenty-fold) 


Temperature 500 C Total pressu7T2;):;nn, mercury 
Mixing ratio to O, equal to 2 I 

‘"O content CO at t =0 0ritS"' 

u o oaa O content Oj at 1 0 0 200" 








Ratio ol exchange 


Time 

all r 

Conversion 



rates in packed 

Vessel 

(min) 

(mm Hg) 

(?o) 

F,.t 

and unpacked 
vessels 

Unpacked 

15 

- 

46 

0 13 

0 02 


Packed 

15 

- 

68 

0 28 

003 

20 J 06 

Unpacked 

15 

3 

15 

0 12 

0 02 


Packed 

15 

3 

45 

0 47 

0 03 

4 A 1 

Unpacked 

30 

3 

24 

0 23 

0 03 


Packed 

30 

3 

60 

0 74 ’ 

0 03 

4 ' t 

t F()2 is the exchange (ratiion eale 

ulated 'lom th^ 

'’O eontcnl 

s '»> W 

and X in 


( 0 In this calculdtion we assumed at r x a proporttonal distribution of the 
'»0 between the gas components present at / - 0 A possible isotope effect was 
neglected 

The excliange fraction F, ,, was calcul.itcd from the values of the contents m 
CO Vo and v^. 5 was obtained by substitution, in expression (a), of this fraction 
J\ (, and of the mean values of the partial picssuiesof CO and O, during the exchange 
In all experiments, the exchange fractions /•, ,, and F,,^ for a particular experiment 
agree within experimental erior thus the amount of ’'^O in CO and 0> together did 
not change The exchange is accompanied by changing reactant concentrations owing 
to the reaction producing CO, Though the absence of a chemical reaction is a con- 
dition for applicability of expression (a) as a measuic of exchange late, we assume 
that t|)c expression is a good approximation when the changes m concentration are 
relatively small As a result of the CO^ formation in non-stoicheiomctric mixtures 
the mixing ratio changes with time and so does the value of \ ^ But because of the 
small amounts of CO^ produced in our case (the “convei sion” was always 10 pei cent 
foi the experiments rcpiesented in Figs I and 2) the value ol v^ remains practically 
constant 

The dependence of the exchange latc, S. upon icactant concentrations is given in 
the general form 

5 - A F,,/" 

A log-log plot of S as a function of the picssure of CO at constant pressure 
''hould give a strainht line w ith slope /i A similar plot ol ,S as a function of the pressure 
of O, at constant CO pressuie should give a straight line with slope w Figs 1 and 2 
arc Such plots for the reaction at 500 C 1 rc»ni (he slopes ol the lines in Figs 1 and 2 
rate law 5 A F, F,, with « 0 68 0 06 and m -058^ 005islound 

Calculations have been made by the method of least squares 
In Table 1 measurements arc reported about the ctlect of water addition on the 
late of CO 2 formation and the exchange rate at 500 C By addition of water at a 
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E 

£ 

E 

r> 

O 

cn 

5000 

2000 
1 000 
500 

200 


20 100 500 Pqq mm Hg 

Ik. I — Loi^ lo^ plot ori.\chdnm. I dtc S' .is d fuiiLlion of the pressure ol CO, dtconsldnt 
O. piessuie, at 500 C Slope 0 6X 0 06 



F 

e 

£ 

o 

CO 

2000 
100 0 
500 

200 


2 0 100 500 Pq mm Hg 

Fig 2 — Log log plot of cxehdngt idle 5 ds a function ol the pressure ol Oj, at constant 
CO pressure, at 500 C Slope 0 58 ' 0 05 

pressure of 1 mm Hg to d stoicheiomctric mixture, pressure 320 mm Hg the dC 
production is reduced considerably but still remains relatively high, whereas 
exchange ratet, assumed to be proportional to In (1 — f)/!, practically does i” i 
change The further addition of water has much less influence on CO 2 formation .11 ! 
the exchange rate remains constant again 

In order to test for heterogeneity, the reaction vessel was packed Tvith crush I 

t As the degree of conversion in these experiments is relatively high, owing to the changing re.ui ' 1 
concentrations only certain “mean” values of exchange rate can be compared 
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quartz, increasing the surface to volume ratio by a factor of 20 In Table 2 measure- 
ments m a packed and unpacked vessel are compared I he rate of formation of 
CO, as well as the exchange rate aic enhanced by packing the vessel The increase 
m exchange rate in the mixture without added watci is about a factor two Jn the 
mixture with added water a four-fold increase was observed These increases are 
considerably smaller than the change in surface to volume ratio Studying the 
influence of the surface on the CO,-producing reaction, it was observed that if the reac- 
tion vessel is kept at 600 C during months a gradual inciease of rate with time 
occurs This enhanced rate can probably be attributed to an increase in surface 
activity The measurements on the dependence ol the exchange rate upon reactant 
conccntr.itions, reported in Figs 1 and 2, were therefore pci formed m a vessel 
constructed shortly before the senes of cxpcrimcnls started In this vessel the rate 

01 COi production appeared to be relatively small 1 he cvehange time in those 
experiments was 15-20 mm 

DISCUSSION 

In a previous paper*'* it has been shown that no measureable oxygen exchange 
occurs below 630 C, within the reaction times used m the experiments, bctw'ccn any 
of the gases separately and the quartz of the reaction vessel No evidence was found 
for CO decomposition at the wall of the reaction vessel (Boudouard equilibrium 

2 CO - C 4 CO,) Oxygen exchange between CO and CO„ and between CO, 
and O, is of importance only above 800 C *" It appears from the data reported m 
our paper on CO, foimation m mixtures of CO and 0>*'’* th.it this reaction is mainly 
a surface process The rate of CO, production is considerably enhanced by packing 
the reaction vessel with crushed quart/ Also a fastei rate has been measured the 
longer the vessel has been baked out before introducing the gas mixture And the 
rate of production of CO, is reduced by addition of water to the gases It is known 
that water poisons the catalyst in the oxidalion of CO over active oxides,*^' possibly 
in our experiments the retarding effect of water on CO, formation can be ascribed to 
poisoning of the quart? acting as a catalyst 

On the other hand, as can be seen fiom oui present results, the CO O, oxygen 
exchange rate is only slightly enhanced by packing the vessel I here is no appreciable 
efifect of the time of bakeout Addition of water to the gases has piactically no in- 
fluence on the exchange rate So we conclude that the CO-O, oxygen exchange 
reaction is mainly a gas phase process 

As mentioned above, the dependence of the exchange rate S upon reactant con- 
centrations IS described by S' L p, o" p<> •'* which the values of both n and m 

appear to be smaller than unity Thus it is obvious that exchange does not occur 
by the simple gas reaction 

CO . O, O, , CO (la) 

A mechanism that can explain the experimental datii is a bimolccular formation 
of an activated molecule This activated molecule can be deactivated by collision 
or It may decompose to the original reactants altci a cert.im lilctime 

fn a previous paper'^* we suggested that ‘he exchange piocess proceeds by wav of 

'■"C A Bank and b A Th ViRmiRMiN,^ /ho;;- A/«/ (In'"' 25 , f'67(06S) 

"’S Z RomNSKV, Theorelical pmuipks oj isotope methoih jo, ineesti^piunp i/wmual leactwns 

Moscow (1956) p 174 review 

""C A Bank and E A Ti. VrKOURMiN J Phs Chun (1967) To be published 
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oxygen atoms. In such an atomic mechanism two overall exchange processes ha\ 
to be considered 

CO [ O O 1 CO (2a 

O I 0„ ' O, ^ O (2h, 

An a\eragc \alue of the cxpciimcntal exchange rate is 10*'’ molcc cm ■* sec ' As 
this rate depends upon both reactant concentrations, CO and O^, the process (2b) 
cannot be rate detei mining So the exchange rate of (2b) should be faster than 10 '' 
molcc cm ’ sec ^ 

In oxygen at 500 C the following reactions have to be consideicd 



Oj , M 0 ; 

^ 1 

0 1 M 

( 4 ) 

0 

,c 

0 

f M 

(5) 


0 . - o^^o, 

^ It 

b 0 

(h) 

The exchange process (2b) 
A, and A have been measu 
{b00IRT)[^ mole ^ sec ', A 

can be achieved by reactions ( 5 ) The rate 
red by Binson and A\worihy"’> A^ 2 6 
.3 2 0 10'* exp ( -24000/R/ ) 1 mole ' sec 

constants 

10’ /'Cvp 

' 1 hese 


rate constants reduce to the values at 500 'C 


A 11 10 "^ cm*' molcc ' ^ sec ’ 

A'. 3 --- 0 7 10 cm'* molec ' sec ^ 

At a pressure of O, equal to \ atm (i e [O.] 13 10*“ molcc cm *) m order 

to obtain an 0(0, exchange rate (aster than 10 '’ molec cm sec the minimum 0 
atom concentration can be calculated to be 5 10"' atoms cm * Possibly also a 

direct exchange reaction occurs 

O t Oj I O (S') 

The rate constant A 5 ' is not known But if we assume an activation energy ol zero 
and a frequency factor equal to the collision number, than an upper estim.ite is 
A' 5 ' 10 cm-* molec ' sec ^ In that case a minimum O atom concentration can 
be calculated [O] ^ 10'’ atoms cm ^ 

The rate constants of reactions ( 6 ) were determined"’' to be 


A« - 6 7 10" exp ( 99200/ R T) 1 mole ' sec 

and 

A'_fl 3 0 10"' cxp( -6000/7?r) I mole ' sec ' 

Also an estimate of the value of A 4 was made A^ 3 5 10'* exp ( - 11700//^/) 
1 mole ^ sec ' The rate constant A 4 has been measured by RtrvLs et u/' ’ 
A :_4 2 7 / 10 ■'* cm® molcc sec ‘ and it is independent of temperature At 500 ( 
and oxygen pressure equal to \ atm, the lates and Sg are 

A'4[02][M] 2 7 10 * molec cm *860 *^ 

•^6 ^ A:fi[ 02 ][ 02 ] 4 8/10* molec cm '* sec * 

Thus reactions (4) and ( 6 ) cannot lead to an O/O 2 exchange with a sufficiently 1 ' 

S W BpNsoNand A E Axwortiiy,/ Chem Phys 26, 1718-1726 (1957) 

R R Rlfvfs, G MANNFiiAandP Hartfck.J Chem Phys 32,622 633 (1960) 
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Ir I c' I w (. (istsi Ills' sspst imsiil il \ >i'ue 111 // m p 6 00 ssiii ippiss f hs A mjk \ i n ' ssptsssioii 
' 4 ii\s a \ ikis'" t 51 ssillipoi's, ('( -"25 psi ssnl Mo low 

riis Mssosdv ol pluloiiium », I'o (0 poisss, il i tsmpsi itoie / K., is sxpicssssl bv ihe oqLialion 


II l>u U) 2') 10 ' s\p (5200/«/ ) 


I ' ina the nisllinp points (if Ihs l.inlhaimlss as given by Sci nniNt. and l)\ sNi-'''’ in Vhsn l.dsst book 
I hs Kars La ribs lbs Hij (if all i aic e.ii lb mslals san bs s'slim tisd 1 he \alii' s lor the In st sis metals 
ais as lollows 



Melt point 

H'i 


( K) 

(eal/gatm ) 

1 .1 

1 19J 

FSSO 

Ce 

lOb.S 

FS50 

l>r 

1208 

1800 

Nd 

1297 

4100 

Sm 

1 F45 

4200 

Lu 

1099 

3550 


I he predicted viscosity line foi La with a slope or //// 2fi50, is also shown in F ig 1 


Asknovslcdgmtnls are due to Mr I erroy Jones of the Monsanto Research Coipoialion lor 
letting ns have the data on liciiiid plutonium 

A V C/Rossi 

Rescan h Instituie of Temple UnnersUy 
Phikuh Ip/iia, Firin'i\huiua 

' " r H Si'i ODiNfi and A 11 Daam , The Raie Fai ills, p 179 Wiley, New York, 1961 
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,ate The oxygen atom concentration in pure oxygen in theimodynamic equilibrium 
at 500X IS 5 c lO- atoms cm ‘ So that on the basis of this concentration oxygen 
exchange via reaction 5 is certainly too slow Houever, one cannot exclude reaction 
S' as a possible OjO., exchange mechanism 

But the minimum O atom concentrations calculated above, should be attained with- 
in the reaction times of the experiments (15 20 min) As oxygen was heated from 
loom temperature, where theic are practically no atoms in the gas. to 500 C. the 
reactions producing O atoms must be relatively fast Obviously reactions (4) and (6) 
are much too slow for this purpose A suggested*’’ mechanism for oxygen exchange in 
CO O, mixtures is 

CO l-0-',>C0,* (1) 

CO,* -VCO 

I, 


CO." 


M 


CO.* f O. 


O 

Ct), f M 
- CO. i- O ^ O 


( 2 ) 

(3) 

{3') 


0 atoms are formed from O, m reaction (3') A calculation of a stationary state con- 
centration for O atoms, considering this set of leact'ons in addition to leactions (4), 
(5) and (6), with certain assumptions for the values of the late constants A,, A,. A., 
and Aj', shows this concentration to be consideiably smaller than the stationary state 
concentration for O atoms in pure oxygen gas at 5f)0 C So it appears likely that 
the minimum O atom concentrations are not attained m this way But it is reason- 
able to consider additionally the foimation and lecombination of O atoms at the wall 
of the reaction vessel, reactions (7) 

O. O-bW (7) 

* 7 


We have no data about the formation of O atoms from O, at a quart/ surface 
A value of A_- can be obtained from data by Lim\H i el fr/***’ md the dimensions of 
our vessel A 7-33 10- sec ' The foimation of O atoms by reaction (7) has 

to be hist enough to give a sulhciently high O atom concentration in a comparatively 
shoit time 

Since a heterogeneous process is now invoked, stationary state concentrations aie 
not necessarily equal to thermodynamic equilibiium concentiations 

A stationary state conccntiation ofO atoms can be calculated considering reactions 
(1) (2). (3), (3'). (5) and (7) The recombination m (7) is a iirst order process*'*, so 
•3’ 7 A 7[0] Substituting 5; A 7 [OJ. an cxpiession of the following form is 
obtained 


[O]- 


A7[0.] 

A.A^ICOIIM] 

A, + A,[M] A,'[0,] 


(d) 


ft was found that an expression for the CO/O, exeban 
I- xpcrimentaj data, could be obtained only by assuming that 


ee late 5 consistent wuh 
the O atom concentration 


'"J W LiNNtTTandD G H Marsoi n. />»<>< Ro\ So< \ 4Sy sua 
GRiAvrsandJ W Linnftt. ro/in hmuhn Sac 55. I ’“'5 1X61(1454) 


S04 51 S (1456) 


J C 



1528 


F A Th Vfrdurmi-n and C. A. Bank 


IS practically determined b_v the Oj concentration 


[O] ^ ^ [O,] 

A. 7 (l) 

So our experimental results indicate that the fust term m the denonnn 
(d) should be essen tu 11 v smaller ilunX . I he nummtude o! this term dcnrn,t 
lalueof/', 

A\ra\I[ \ kO and Koi i smk<>\ a'*" measured the overall rate constant ul the pu^t s 
CX) O M ---> eXX M and argued that this quantity is the late const u.i 
ot the reaction CO O -' >- CO.* Their value reduces at 500 C to A, I 
10 '^cm'molec ' sec ' According to Kai'i vian*"*’ this measured A is too hich 
and Cl s si and 1 iikimi''^* found an upper limit for this rate constant that is considci- 
ahlv lower If we adopt then A value as a measure of A,, we obtain at 500 C A, 

5 5 10 1' cm* molec * sec ' With such a small value of A,, and assuming iippci 
limits foi Aj 10'' sec *, A^ A,' 10 "* cm* molec * sec *. the first term in the 
denominator of (d) is found to be small wnth icgard to A 7 

If reaction (2) is the rate detei mining step m the set of reactions (I), (2), (3), (3 ) 
(5) and (7) an expression for the CO/Oj, exchange rate consistent with cxperimenlal 
data can be derived, assuming that a stationary state for the concentration of CO,* 

IS attained and relation (c) holds 


A,A2[C0][0,] a 7 
A, A',[M] A,'[OJ A 7 
From this expression one can easily show, noting that [M] 
[CO][OJ 1 , A, ™,A,- 


5 


A'l 


A- 

r; 


kik^ 


A 7 


[CO] 


- A. 


[CO] ‘ [O,], 

[O.J 


A lA', 


A? 


(f) 


(.0 


Experimentally a linear relation between [C0][02]/5 and [CO], and [O^] respectively 
has been found with reasonable agreement, as can be seen from Figs 3 and 4 

From the slopes of the lines m the plots, and the intercept of the line in fig 4 
[O^] = 0, a value for Ay can be obtained of the order of 10 “ cm* molec ' 

sec * If relation (e) holds and the value of A, 10 is substituted, the O atom 
concentration in the experiment can be calculated [O] ^ 10’^ atoms cm * fhough a 
higher value of the rate constant Ay would lead to a smaller [O] value, this mechanion 
still requires a considerably higher number of O atoms per cm"* than can be expected 
from the thermodynamic equilibrium concentration m oxygen 10® atoms tin h 
In our previous paper*" we mentioned two other sets of reactions via atoimc 
oxygen a mechanism wherein CO^* is formed in a termolecular reaction CO 
O -1- M CO.,* ‘ M, and the mechanism suggested by Hartkk and Donois " ’ 
reaction via C^O and CjO^ formed from CO* produced in CO | O CO >- COj 
CO * Neither of these mechanisms leads to an expression consistent with expcrinu n' il 
data 


L I Avramenko and R V Koi fsnikova, Bm// Acad Set Diu Chvm Sci 1506 1513 ( 
Twesi Akad Naiik USSR Oldel Khim Nauk 561-563 (1960) 

F Progress in reaclion kinclics i, 1 39(1961) 

M A A Clynf and B A Thrush, Frar Roy Soc A 269, 404 -4 1 8 ( 1 962) 

P Harteck and S Donoes, 7 Chem Phy. 27,1419(1957) 
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concciitralion at 500 C Slope 0 16 0 04 



r.t, 4 Variation ol the quant, tv «.tb <)i concent, at, on, at constant CO 

concentration, at 500 C Slope 0 47 0 02 

Also a linear relation between fCOKOJ/S and ICO], and [O,] tespeetnelv, can 
be expected from a mechanism consistmu ofthe bunoleeular lornialion of an ‘ 
molecule CO,*, which after a cerOin liletimc decomposes to the ontnnd leaetant 
CO^and 0„. if not deactivated or decomposed hv collision bcloie 

(a^) 
(b*) 


CO ' Oj — ^co 


CO,’' 


th 


CO/ 


M 


CO o. 
e CO. o M 


(e*) 



1^10 


F A Fh VfROURMtN and C A Bank 


As 111 tils' dcacli\alion icactRui (< *) means CO or Oj. an O atom is nu 
a pi odutt 111 the icaslioii Assuinini: a stationary Mate for the concentr.ui. 
reaction (b*) as the late detei mining step leads to 


X, XJVi/ 


j/n/ 


I CO no j 

- _ _ - 


X/ 

x'x„ 


ICO] 


jO,] 

X.X,, 


^vinlv 


(h, 


ID 


Gcncr.ills rv^astum t(*t has a dillcicnt rate constant for M CO and M O, 
respectnch X, ' and A, " 

CONC FUSION 

There is experimental e\idcnce foi the occurrence ol oxygen exchange bctuecii 
CO and at 500 C, as a gas phase process The dependence of the exchange rau 
upon reactant concentrations is described by S k p^ /lo,’"- wherein both n 
and 1)1 are smaller than unity A mechanism consistent vxitli the experimental data 
IS the bimolecular formation of an activated molecule, which decomposes aftci a 
certain lifetime in the original reactants, or is deactivated or decomposed by collision 
In this way an exchange by way of oxygen atoms is possible, but then it is necessary to 
assume 

(a) there is a sufllcicntly fast formation of O atoms from at the wall of the vessel. 

(b) the O atom concentration should be piactically determined by the (), concen- 
tration, 

(c) the number of O atoms per cm* should be considerably higher than the thermo- 
dynamic equilibrium concentration in oxygen 

Alternatively a molecular mechanism (CO i O^ ► CO,*) can also explain the 
experimental results On the basis of our present data it cannot be decided which 
of these two mechanisms is responsible for the exchange 


AckiuJHL-il^iinoilt — We are giateful to Professor Dr J A A Kmiiaar for helpful suggestions 
We thank Dr D Heymann for valuable discussions Mr F L Monterif kindly performed tlie mass 
analyses 

This work is part of the research programme of the Stichting voor Fundamenteel Ondcr/ock dcr 
Materie (Foundation for Fundamental Research on Matter) and has been made possible by hnancial 
support from the Stichting voor Zuivcr Wetenschappelijk Onderzoek (Netherlands Organisation loi 
Pure Scientihc Research) 
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On the third phase formation in extraction s>stems insolving ammehvdrochlorides* 

(R(((i it! ]2 June 1963) 

I HF lormalion Of a third phase (a second organic oncM is free, act m soKcnt extraction processes m- 
tolving long-chain amines and aliphatic hydrocarbons as diluents Ifunnean invest, nation ot the 
possible composition of the third phase, Us nature and bchav.our a phenomenon believed n tt pre- 
viously icporicd has been observed fliis phenomenon is iunher ivuleiie Urr i.-,,! ,a.„„ 


jssumption that third phase forniatiem is due solciv t 

oamiscibditvgMpinatwevpha 

T\ni I 1 - -t Ririr 

VI IMtIM Attn TON, 

1 Nt R \1 II INS 1 OR TH 

APPfARANrf WD 

l)IS\l'|“r\R\M F 

or TH^ 

IHIRD PHXSI Al 27 5 



Ht 1 

M 



Appear 


Diluent 

Amine 

eincc 

n sappe 'r.inee 

Dodecanc 

frOA 

0 1 

L pon bubbling 




Ht 1 gas 


Al imiiic 

0 1 

ihremgh 


TNA 

0 1 

the sy stem 

Hexane 

TiOA 

0 1 

cone H( 1 


A la nunc 

02 

eonc H( 1 


1N\ 

3 S 

10 

Cyclohexane 

1 1()\ 

2 
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M imme 
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TN \ 

70 

S 3 


I lOA, 0 2M tri-iseiOel\l inline (L'nion Cirhided 
Al imine, 0 2M Al imine 336 (fjeiieial Mills) 
TNA 0 2M tn-nonvlaniinc lit 13 


When solutions of tertiary amines in IreshK-dislilleJ >hph. tie Iwdreic ubons are cqudibiated vviih 
s |ual volumes of aejucous hydrochlorie acid seiliiliesns (0 I II tM) \ eiitieal initi.d iciel etsncentration 
's expected for the formation of the thud phase This was iiiekcd observed It was r \thcr unexpected 
however, to observe that certain higher initial acid coiKcntiations will cause the thud phase to dis- 
'Ppear eir will prevent its fetrmatiein (Tables 1 and 2) I his nuscib'litvminuseibihlv of the two 
'■game phases in cquilibi lum is a reversible reaction elepciieknt loi a given diluent u|son the acid ind 

* This research was supported in part h\ the I' S Ate'mic I nergv Cemimission Contrici No \1 
'k)-|)i)os 
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to some extent, amine concentrations and the temperature Our preliminary data* are here brn 
tabulated and a tentative explanation of the phenomenon offered 

Under experimental conditions whcie neutralization of the amine base by the acid is conipk-ii. : .q 
no excess acid IS extracted the N Cl ratio is roughly unity in both organic phases, the bulk ni 

amme-bc intig species being m the ejected third phase 11 excess acid is extracted it is esstnti ,ii!^ 
found in the soKent-rish ph.isc 

Third phase loimation may he understood by rcinembcTing that ihc dielectric property of the- ,m- 
game solutiein drastically ehanges with the transformation of the weakly polar amine molecule inio .m 
amine-sall ion pair having a large dipole moment I his ellcct is clearly exhibited by the le'speeloc 
sohibiluies Ternary amines, with a certain restriction due to slei le factors, arc completely misuhle 
with both aromatic and aliphatic hydrotai bons, w hile the cortespondmg amine hydrochlorides li i\e 
a limited solubility in aliphatic and a higher solubilrly m arom.itic hydroearbons and in cerl im 
derivatives of aliphatic hydrocarbons (CCl4) The striking diflercnee m the solvent bchavioi ol 
aromatic ind aliphatic hydrocarbons with eqinlly low dieleetiic const.mls .ind /eio dipole inoiiKiils 
sec'ins not to be limned to the solubility ol amine salts f I be solvating power of aromatic liydio- 
carhons is due' to ,i solute-solvent intcnicKcm between (he benzene ring and the .immimum group of 

Tmiif 2 — C'RiruAt acid concinirahons ior 

VSRVINC, CONf INTRAnONS Ol TNA IN 111 XANL 
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10 
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10 
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10 
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10 
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the lon-pair under eonsideration, thus inteifering with the stabilization of the amine hydroeliloiide 
ton-pair and its subsevjiient ,vggregation This h.is been shown'-' to he (he ease for amine nilra'es, 
winch exhibit a far higher degree of aggregation in octane than in benzene Solvent molecules in il’e 
neighborhood of the closely ,issoeiated and aggregated ion pair arc influenecd by itscleetiic field iinl 
consequently have a higher dicleetne constant than that of the bulk solvent Increased dilleieiiees in 
the dielectric constants will finally lead to splitting of the organic phase The phenomenofl of dis- 
appeatance of the third phase can be explained by similar reasoning, an increased tiansler ol 
hydrochloric acid''' into the non-polar diluent increasing the dielectric constant of the bulk solvei l, 
thus diminishing the differences and enabling the phases to mix 

The differences in Ihc solubilities of amine hydrochlorides in aromatic and aliphatic hydrocarbon', 
apparently unrelated to such physical parameters as dielectric constant and dipole moment, e.in he 

* Taken in part from the Ph D Thesis of Y T H to be submitted to the Senate of the Hebinv 
University 

t Carboxylic ,icids <ind phenols arc associated in aliphatic hydrocarbons far more than in benzene 
or carbon tetrachloride (H A Pont , M E HoBBsandP M Gross, 7 Chern Phys 9, 408(l‘fll' 
E A Phiibrick, 7 Amcr Chern Soc 56,2581(1934), L J BrcLAMV and R L Wii i iams, Pr<« A' 'i 
Soc A 254, 1 19 (1960) ) This has been explained [M M Davis, 7 Amvr Client Soc 84, 3623 (l''n i] 
by a solvent effect interfering with aggregation, and due in the case of benzene to its jr-clectrons cr i ' 
the Cl -- C+ bonds in the case of carben tetrachloride 

”' J M P J VfcRsrFGFN, Faraday Soc 58, 1878 (1962) 

E Hogfeldt, B Boi ANDER and F Fredleind, Pror lih Intern Conf Coord C/iein .Stoekhi ' ’ ’ 

June 1962 

H I Frifdman, 7 Phys Chem 66, 1595(1962) 

W F Linke, So/ttAi/ities, 4th Ed , Vol 1, Van Nostrand, Princeton, 1958 
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i|iialil itively correlated by Hildebrand s solubility paraincitr uincept ' ' On evalu 'tinij the so'ubilitv 
, ,r.imeter <^2 for these tertiary amines"*' wt found that Ari (.\ - , has a value ofO 3-^1 2 for non- 

polar aliphatic hydrocarbons and 16 2 2 fm non-polar aromatic hvdrocarhons and non-rolai 
aliphatic hydrocarbon derivatives, in line with prev lous conclusions coiiccrn.ng similar phenomena in 
-vstems involving tributyl phosphate' ' 1 his concept fails howevei to c\pl nn the ditrcrciie s 

observed between various aliphatic hydriKarbons, in ih it the initial aeid concentration at which the 
third phase is formed increases, .ind that of its disappcaiaricc decreases in the oider dodccanc hexane 
cyclohexane Calculations based upon the molar polaii/ability v dues of the ammc-dilucnt mixtures 
show that the above sequence ot diluents is not incidental Assumiiii' the \ didilv of Maxwells 
iclalion for these low dicle'ctrie constant amines'-' iheir polaii/jbihly^has heen ealculited by the 
( hiusius-Mossotti equation'”' and the molarpol inzabilily P, , ol the binary liquid mixtures evaluated 
p,i decreases m the above order of diluents, which have v dues of 61 1, 12 7 and 29 8 respectively 
imniiseibility being favoured by a higher \ due of P, This corrcl.ition between polari/abdity and 
miscibility supports the belief th it the lorm.ition of ihe third phase is purely a miseihihty gap pht- 
nonienon, since the addition of .i lew percent of a pol ir liquid ‘-.leh as a long-ehain alcohol aelcuUly 
ptcvenls Its formation It was found lor ex impio that values of P,. for binary mixiures of aliphatic 
deohols and hydrocarbons intlMlly decrease with the first few percent ol alcohols md show minima 
at values 10”,, w /w alcohol " " I his roughly Ccs.ncidcs w ith the percent ige ot alcohols ncccssaiy to 
prevent the third phase foiniation m hydrocarbon diluents We hope to express this dip;ndenee 
qunatitativcly especially for P,j as a lunetion of temperature, since the dielectric const.int (and 
consequently the molar polari/ation) of non-polar and V'eaklv pol n liquids deeieases with increasing 
temperalure, accompanied by increased miseibiiilv of the phases 

The polarizabdity concept of the phenomena ol appearance md disappear nice ol the third phase 
as well as for reversibility in the miseibdity-immiseibilny equilibrium of the conjugate system formed 
by the two organic phases, is qualitaiively simiKr to a discussuw recently ollercd by 1 -riedman'-" for 
binary systems of electrolytes in non-aqueous solvents that sepante to lorm two liquid phases A 
quantitative theory would bo much more diflieult smec the systems under ccmsidcration are 
actually quaternary ones II wc consider the system as being composed ol amine diluent acid and 
water, the phenomena arc probably due to a salt-cllcct roughly comparable to that m the case of 
critical micelle concentration in non-regular systems ' I xpcrimcnts of a dilTercnt type have been 
designed to provide the information desired to substantiate the above sall-clfect assumption 

d(A/;oii/<(/gewe/i/v — We wish to thank Dr P I Liovo, Dopirtment of Niiclear tngineering and 

Piof J W iRVfNr, Jr Department of Chemistry, Massachusetts Insiiitile of Technology for helpliil 
discussions 
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Formation of nitrosyl complexes in the reaction between platinum (II) 
nitro complexes and concentrated hydrochloric acid 

(Received 'i June I96t) 

In 1896 Miolati"’ studied the reaction between KjfPttNOj),] and concentrated hydrochloric acul i 
low temperature (Ca O 'C) He described the isolation of a green product to which he gave iS 
formula KjfPtlNOjlj] HCl We have reinvestigated the nature of the green compound and wt cm 
elude that it is actually a platinum (II) nitrosyl complex having the formula Kj[PtNO(NOj,( | | 
analogous to the six co-oidmaled platinum (II) nitrosyl complexes obtained by CiKlirini. I i wis mj 
Wilkinson'-’ bv the reaction between nitrosvl chloride and various four co-ordinated platimiiii (II) 
complexes Its intraied spectra in a nu|ol mull shows in addition to the characteristic bands ol iln 
co-ordinated nitro group a strong band at about 1725 cm typical of the N O stretchini; I'c^ 
queiicy of the co-ordinated nitiosonium group (NO ) The reaction probably takes pl.Kt. 
as follows [PKNO.I.] - ( 2C1- I 2M' [PlNO(NO,)jC IJ ’ I H.O 

and IS formaliv simiKir to the equilibrium 

NO* + H.O NO.H \ NO^ I H*^ 

which IS markedly displ ictd lo ihc left in a strong acid medium ‘ 1 he green nitiosyl complex is 
moderately stable in dry air It leacts with water with evolution of NO yielding a colouilcss acid 
soluticm containing the ion [Pl(NO^),Cll - as described by Mioiaii Prolonged contact ot the 
complex with concentrated hycircichloiic acid leads to the formation cvf a yellow prccipit.ite consisting 
of a mixtuie ot the platinum (IV) chloro complexes K.,tPiNO.,( 1,] and K.[Pt( 1^) 

The complex cis [Pt(NHT)j(NOJj] also reacts with concentr.itcd hydrochloric acid at ca 0 C yield- 
ing a green product with the formula (PtNO(NH ,).NO.C l^] (Found Pt. 51 0 N, 14 I , Cl. 19 1"„ 
Rcq Pt, 51 90, N, 14 88, Cl, 18 87"„) Its mlrarcd spectra (nujol mull) has a strong band at .ihout 
1720 cm“* attributable to the co-ordinated NO’’’ group 1 he complex is sparingly soluble in concen- 
trated hydiochloric acid It reacts with water with evolution ot N()nnd the formation of the insoluble 
platinum (II ) complex [Pt(NHj)jNOjCI] The tr.ms isomer behaves in a similar manner (V^ N- O 
1700 cm Our findings with the dinitrodiamminc platinum ( II ) complexes confirm the early report 
by koelToed,'” whose results, however, have been recently questioned 
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F A Co LION, Modern Coordination C/it'/wv/rr (Ediicd by J Lewis and R J Wilkins) p 170, 
Interscience, New York, (I960) 

J Lfwis, R I Irvincj and G Wii kinson 7 Inoii; Nud Chem 7,12 (1958) 

J Lewis and C C Aooison, Quart Rev 9, 115 (1955) 

Vf Wet.vs, Ann Chtm Phys 6,29, 171 (1891) 
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Base catalysed condensation of disilyl sulphide 

(Received ]SJune 1961, in revised form 1 August 1963) 

It has recently been observed that condensation of tnsilylamine, (SiHsljN, occurs according ' ’ 
equation I when it is treated with small quantities of bases such as NHj, CHaNH^, (CHa),!^ ■ ' ' 
LiH Reaction only takes place when * 

3(SiHa),N — (SiHaNSiHa), + 3SiH, 

R Schaeffer and R Wfll.s, unpublished observations Sec Studies of Light IVeigHt Elenieni' • 
R ScHAEiiLR et al. Technical Report No 2, Contract Nonr-908 (14) August, 1961 also 1 k' ' 
Stone, Flydrogen Compounds of the Group IV Elements, p 28 Prentice-Hall, New York (1962) 
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,Liid IS present and some non-volatile matenals are also forniLcl If the reaction ,s cionn a r 
,horl time the NH, can be recovered but after an extended period of time NH, can not be ree ivfred 
-id non-volatilc products are formed eeuverca 

1 , appears that base-catalysed condensation processes mav aelually represent a somev.hat 
ral type of reaetion m silicon chemistry T hus there is evidence to suggest that the condensation 
■ HiSiH.NfCH,), may be promoted by the presence of (( If,) \n o 


' M 


- VI/ 


2SiH,SiH,N(CH,), -^SiH,SiH(\(( H,),], Si,H„ 

\lso at 0 small quantities of (C Jf jljN cause SilIjSifl.Br to liberate Si H,, rapidly with the formalion 
ol \olaliIc products which appe.ir to consist ol polybromodisilanes " 


2SiM,SiH.Hr -Si,II,Br_ Sill, , 3 , 

In an apparently relate-d hut dillerem ispe of reaction a de ivaine of disilanc eliminates a 
Mihstitiited monosilane to lorm a substituted polvsilane Ihtis eertain amines*' and/or AgCN''' 
h.ive be'cn found to act as eatalysls in the ei'ndensalion of Si C l„ or eertain melhylchlorodisilanes 

SI/ 

\CI.CI I iSiSit H/ I , • C H,CI.SilSiC If ,CI),C1 (v DCHjSiClj f}) 

With (C I lil-iSiSitC 1 1 i)jCN, the prese'nee of the basic esanide group apparently causes the compound 
lo condense spimtancously on healing ‘ ’ e i; 

2(C H djSiSitC UdiCN ♦tC H,),SiSi(( Hd-SilC H,).CN l( HjljSiCN (S) 

The compound SiHaSCTj has b,.cn lound to iciet in the piesencc ('f (C HdjN according to 
eiiuaiion 6 *" 

eSiHjSCh, M Ch. S ), 'SiH,F ( 6 ) 


hut the products are reeoscred <ts ihcir adducts SiH ,r N<(- Hjlj and SCFjNtCHdi The latter 
species which Is non-volalilo, is believed lo be a polvnieric adduct ol thioearbonyl nuoiide"'’ 
It would appear that the (CHjfiN may be coordinated to the sulphur by means of the vacant 3d 
oibiials of the sulphur 

Re-csaminaiion of some earlier unpublished resuhs indicates that ISiHi)jS also undergoes 
an apparently analogous reaction with (( IlsljN as well ts with NH^ Doilyl sulphide and NH, 
iinduwcnt rapid reaetion at reduced temperatures to lorm a solid which could be easily sublimed 
III III! IK) to form long colourless eiysials Fhc solid mav be (billjfjS 2 X 113 with one NFlj molecule 
eoouliiialed to each silicon On standing at room lemperaiurc the crystals changed lo a non-\olaiilc 
while solid of composition eoi responding to SiHj S -SiH_ -S-SiHidNHj Apparentlv the 
coiidenfation reaction 

2lbiH3)S sSiH,--S— SiH.— S— SiH, SiH . C) 


look place and since silicon atoms and NH 3 molecules arc present m the product in the same molar 
ratio It Seems probable that one NH, moleetile is eoordmaicd to eaeh siheoii atom The fact that 
cooidinalion of a (CHjljN molecule to a sulphur atom s'as pustulated above lor StF, N(CI 1,)3 
IS not ineonsistenl with this suggestion smec the I ewis aeid eharaelcr ot the sulphur in SCF. might 
be' espeeted lo be considerably enhanced by the piescnce of the C F . grouping 

Disilyl sulphide was also found lo react fairlv rapidls with excess (CHj)|N below, ind at room 
Icnpe’rature, to give a sticky, non-solatile. apparcnilv polymeric solid ol composiiioii eoiicsponding 
•'» [( -SiFI,-S A 0 75 The basic reaction oceurrmg mav he repiesented by the equation 

xtSiHjl.S SiH. S h '■'ll', 

MxAitrorNi and A G MArOiAUMin, //lu/g Clum 2 . 60S (1^6'! 

' VANDvisLandA G MacDiakmii> unpublished results 

"A Kac/marczyk, M Mil lakh and G I/rrs, / /mug clum 17, IS6 tl*>6n Ci 

(iiiBiRTan^A R CtX)PbR, A inter Chem Soc 82 . *'042 ( 1 *160) 

J V Urfnovitch and A G MacDiarmiu. 7 inut Clum Sec In ptess tWh') 

A J Downfs and E A V l.nswoRTii J Clum Vm f'SlbtlOtsOf 

A G MacDiarmid, Ph D thesis Cambridge I’niveisiiy ( 14*'^' 
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Condensation was therefore ntore extensive than in the case of the analogous reaction \i 

If It were assumed that, for stcric reasons. (CH,),N could coordinate to — SiHj .im I 
but not to ewSiH units then the above empirical formula of the substance isolated would cm 
exactly to the structure 

'HjSi S SiH. Sy — — Sill S "j 

till 

_ N(CH,), N(CHJ, 

On heating the proJuvt for several hours more SiHj and (C Hi),N were skmly .md liuii i, | 
evolved in ihe molar ratio 1 2 8 The ratio is only appiosiniatc since the cjuaniiiv of Sil I , I, i , 
was Very sin ill and was not measured accur iidv This is qualitatively consisitni wiih ih, ^ 
strusiurc clc composing In give 

I I 

S- SiH S- SiH, S SiH- S 

* 

N(t Hjla -li 

wiith the libciation ol SiH, and (CHjljN in the calculated r.ilio of 1 2 The fact that (C HjIjN u.ic 
evolved in addilicsn to SiH^ is added evidence to suggest that the amine is aitaclicd to silicon ra I her 
than to sulphur The solid product was not wetted or attacked by water 

Expel imciilctl 

Standard vacuum system techniques were employed in all operations Distljl sulphide was 
synthesized as previously described*"’ and was of a similar slate of purity 

Reaction of (SiH djS Hith KMj (SiHi)iS(2 82 mmole) and NHjlS 67 mmole) were scaled together 
in a 30 ml tube at - 196 and by the time the mixture had been warmed rapidly to room temperaliiic 
a white solid had formed f)n warming one side of the tube by the hand, long colourless crystals 
grew rapidly on the cooler glass surfaces The solid could at first be sublimed almost complete)) 
from one end of the tube to the other but on standing, less and less could be sublimed in this manner 
After 12 hr at room temperature the reaction vessel was opened lo the vacuum system anh 

0 2 ml of H2 was found lo be present Most of the white solid was non-volaiile but even alter 
pumping for 45 min at room temperature very small amounts of the solid slowly and continuousK 
distilled from the reaction vessel This left a deposit of non-volatilc white solid each time it w.is 
distilled in the vacuum system Silane fmol wt fc>und, 31 9, calcd , 32 1 , 1 38 mmole) was separated 
from excess NH^ (mol wt found, 17 1, calcd ,17 0, 1 47 mmole) by distillation through a trap at 
— 134” in which the latter compound condensed From the quantities of reactants consunjed .ina 
SiH, recovered, the non-volatile white solid had the composition (SiH^SIjSiHi 3 NHt FouiuI 
Si, 40 9, H, 8 30, S. 31 I , N, 20 1 % Calcd for SuHjyS^N,, Si, 40 59, H,8 26, S, 30 90. N 
20 25% 

i?eac//on ti/(SiHj)jS (CH3)3N (811-13)28 (I 24 mmole) and (CH3)3N (2 69 mmole) wen. 

sealed together m a 15 ml tube at —196’ As the tube warmed to room temperature the liquid 
phase became filled with a mass of small bubbles and after 45 mm at room temperature it b- d 
turned to a white, fluffy, sticky solid No hydrogen was found when the tube was opened Volaiili. 
compounds were removed from the reaction tube by pumping for 1 hr After this time a very sm 'd 
amount of volatile material was still being slowly evolved Silane (mol wt found, 31 9, calcd , 32 1 

1 21 mmole) was separated from excess (CH,)3N (mol wt found, 59 2, calcd , 59 0, 1 73 mniidcl 

by distillation through a trap at 134"’ in which the latter compound condensed From the qu ui 
titles of reactants consumed and SiH, recovered, the non-volaiilc solid had the composition Sill 8 
0 75(CH3),N Found, C,25 7, Si, 26 5, H, 8 43, S, 29 6, N. 9 98% Calcd for 23S1 , „„H ' 
Si ooN„ 75, C, 25 30, Si, 26 40, H, 8 30, S, 30 15, N, 9 85% ' 

When the reaction vessel was surrounded with very hot water and pumped for 5 hr a*u>ill 
amount of volatile material was slowly and continuously evolved Distillation through a trap 
-- 134' yielded (CH3 )jN (mol wt found, 59 0, calcd , 59 0, 0 45 mmole) and S1H3 (8 16 mmc'k ' 
The white solid remaining did not melt or sublime on heating to 160" It was insoluble in ben/' »■ 
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M STAriY, J C Tatlow and A G Sharpl Advances in Fluorine Chemistry 203 I vii pp , 
Butterworih’s Publication, London, 1960 45s 

It IS reirrelled that the rou^’h drajl oj this renew >iu> puhhshed in this journal instead of the foHuwtng 
final version submitted by the reviesser 

I he Halogen Fluorides — Their Preparation and Uses in Oiganic Chemistry (W K R Musc.kAVt) 

7 his article contains a lot of useful information which is not embraced by the volume title, i e 
4DV'ANC / S in I luorinc Chemistry and is more properly described as a review The author could 
have been very much more economical in his text — terseness with clarity leads to a far more stimulat- 
ing text as IS readily seen if Sharpe s article is compared with Musgrave's The latter reminds me 
somewhat of Mellor The sections concerned with the preparations ol halogen fluorides serve to give 
the newcomer to the held an adequate indication ot the state of knowledge However, those on the 
uses of fluorine halides in organic chemistry arc tathcr disappointing in that vague process details are 
picsented where scientific results arc expected 

Tiaiisiiioii Meta! Fluor ules and their C omplexes (A G Siiarhc) 

bharpe’s article starts off in good style and the reader is 'eft in no doubt as to what he is in for in 
the way of a chemical “treat ’ The aiticlc deals tactually, concisely and in i scry readable manner 
with advances in the lluoi ide chemistry ol transition metals which have taken place in the last decade 
He deals adequately with theoretical aspects ol the cr)stalline state ol these complexes, preparative 
methods and suivcys ol a wide range of compounds are presented in a well organised manner This 
chapter provides vety good reading foi all students ol inorganic chemistry, whether aged 18 or 80, 
and is a must for those with a paiticular intcicst in lUioiidcs 

I liiinohoiu i( ids and llicit Dei ii iiiii es (D W A SiixRiM) 

L ike A G Sharpe s ji tide, this one IS very aelcqiiately presented Ol the fluorobi'ralcs the teira- 
fliioioboralc ice'civcs the lions shut’ ol attention but ol course this only reflects on their relative 
stabilities .iscoinpaicd with tri- and di-rtuorobv>ralts Phijsical Cv'nsiants, civstal considerations and 
ihe’imodynamic propcilics re'ccivc their due acknowledgement Reactions, loimatioiis and dcsciip- 
lions ol a huge number ol inorganic, oxonuim and carboniuin letralluoroboralcs aic picsented Again 
a vciy slreing iecommcnd.Uion is made as to the value ol this ailide to the geneial and speeiali/cd 
reader 

I he I III iioiheiiiual Pionss foi the Ssnihesis oj I liK’io-orjaiiii t oinpoiinds (J Bi irons anel J C 

I XTIOSS ) 

This niticic .ictually conipiises more than the title suggests since some (small) ermsidciation is 
,ilso ”iven to the synthesis of inoiganie lluoi ocompouiuls Ineltided aie tiesci iptions ot app.ir.itus, 
operating conditions and piocesses I he lesults o( the latter aie presented iii a much nime satis- 
laetoiv in, inner than those ol the lust iitiele aiKl me leadei feels liiai he is getting more scicntitie 
value loi ho money I luoiinalion ol a wide vaiietv ol compounds is consideied Uliilst admitting 
th.il the eleetioehemie.il pioecss is still an ait in m inv lespeels the aiithojs nev^ilheless round oil 
the II lieic vv ilh a very use till discussion of possible meeh inisms r'l this tv pe ol lluoi in. it ion 

/ xlioiiiiii e I liioi Illations of Ol yanii ( ohiponnds ssilh I lejli- 1 ah in \ MiloUu /luoiuhs{\\ Srvriv md 
J t r A 1 1 ov\ ) 

I he type of lluoi inalion deseiibcel heic is piohahiv lamih u tvi the geiietal leider most ol wh.im 
will be .ivvaie, lor instance, ol the lluoi mating potentialities ol Gof , \\ hilst des^i iplions r'fapparaius 

iiul pi oeed III e e te are in 'tencial witisl.ietoiy it is sui pi ising to I ml sueh in uninloi iii uive phologi iph 
(p nilineliided i line di.igi .im vv ilh scale tells miieh moi e I limi inations vv uh t ol , \gl \liil , 
Ctl I .ind rbr I art deseiibed and .i biiel mention is made ol r'lheis e g IT, (ilw lovvei v.ilcncv 
fluoiule which is usually 'he fiy-prodtiel is heie the m.iin pioduei) Vgain a iiselul discussion ot 
possible mechanisms is melutlcei 
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L.^lohexane and carbon disulphide but u appeared u. react weh dry aeei.me 
hv water and water did not appear to read with n Ih.weser, it wis deeompi.^ed 
KOI ( with liberation of and (CHa),S' 


It v>d^ nut wetted 
ia[)id!v hv sKjLictius 


I,, ww/edginent -The author wishes to express his thinks lo Pi,,hssi.r H f I mmi i s for adiiec 
,n I many helpful discussions during ihe period in 'vliieh tin, le eaieh uas being e rned oui 


\ (j M \l Dl \RSUD 

j„hii Huntson Lal>orator\ oj Chcnii\lr\ 

I'liitinin of P(‘nns\liaiuu 
Pllllthlt Iplllll 4 

g, Hinif 


Acid-basc equilibrium conslanls in fused KNO, 

( Ki cell ( i/ 3 1 Jul 1 1 hh 3) 

DISIMII the incic.ising interest in the field of niolieii salts, pi.ielieallv notliinu has 1 eeii jsporied 
eoneerning aeid base equilibiiuni constants in the melts Lis'" del, lie’s aeids and bases in fused 
sills is 

Veil O- Base' 

Ihe measuieinent of the ox)gen nin aeiodv m iv be le'g.irdeJ, ihcieloie as an estiin,Uion of acid 
h,ise cepiilibria m molts V.iriations ,n the e'xide i 'n aeiisiie in a nieli euulel be lollowed bv measuring 
the po'ential of either an o\\gen eleetre'de ' ' e'r a metal-mct,d oxide clcetiode ' relatne to 
i sLiiiahle electrode 

The present authors h.uo rceetUlv deseleipcJ ihe leehniejue for poienlionielrie acid base titia- 
iions in nuilten s.ilts An e>x\gen (Pt) eleetiode was used ,1s mdieatoi eleetroJe and at the 

eiunale'iiec points, sharp potential drops weie reeoidcd which eoiiesponded to the' imounls ot 
tile ii ids in the melts The de termin ition ol single ,ieid base equilihimm ee'nslanis was howeser, 
Ininpeied because ol the irreversible behiviour ol ihe owgeii eleeiH'Je m uiibuiTeied meUs'”’ 
Ihe potcniial of this electrode varied Imeiilv wiih the log,iiuhin of the o\>gen ion eoneeiiiiaiion 
( leliv ilv) but the slope of the L - log [O- ) eiii ve imounied to 2 303 [( /?7 ) A ] nthei than 2 303 
l(/\r)'(2r)] theoretically cxpeeled fi'r the OXVgell ekelli de The exis' k \ due foi tlic OXVgell 
she'uide could not, thciefoie', be established 
• 

'll I t'\, / rlrkliodicni 45, 303 (I >>39) 

■ I Bvur and H I imrMiiiu. z' Ihkirotiuni 18. 1002 (1912) 1 liven, V\ D Tkivowfil 

and (., rRUMl’LlR.Z LU-kuoiluni 27,199(1921) 1 Huh ind R Bkinmr / kuklioci'un, 

41. 794 (1935) 

"II lux, / CU-knoihcn, 52, 220 224(19)s) 

" 1’ C/VM.indA Du 711 (rlii^ltth fin 18 3 3 ('5 (19401 

' It V Rosi.Ci J DAVisandH I f IiiiNi.iiwr ',/i Sih Pi' 4 |54(l93s) 

' ll I Lixvi), r 3 ori VNO and K Moi/uio, fi •</ ( Is m Vi.uiif h 2s7tin52» 

(' J Ian 7 and S VH.i s V, / /< ( !< (.; 7, 39 3 i |9(i2' 

D Cl Hiti.B PoRiiR.ind \ S Ciiilisi'ii J I Ucuhki'" Vi'< 40,s(19ss) 
b M SiLis.C'i R B Tiiionandl P M« Cunnis I //..'iH/um So, lOb. I 3 1 ( Pls91 
"'ll A^LsiriNLN and B B Buvliv.y Lkiiuuhi 'ii Sen t'>7 ^Os i l')(>0) 

M Koun and J J Gai i \v ././<'( Oix Aim U(ii7 (53G'h'2' 

\* M Shams Ll Din, L/ivtiiu Atm 4( (ii 7. 2s5 ( 19('2) ^ 

^ M SiisMs Ll Din and A A A Chrs.isJ A/ntoM'S'i’K C iu ' 4 30’i i,l9('2> 

"'A M SHAMS Ll Din and A \ A Curs. is IJiclnKhi'H U u In puss 
''AM Sii^tMs Cl Din, A A Ll Hosvhv and \ V V Gnu is 7 / , n vmu/i ( (/.m In press 
'""A M Shams Cl Din and A A A CJiRi.is /’o>c 1st 4,n,uii ( u",' IKinoJut’i eig.inion 
Press In press 
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We have now found that the Cu/CuO electrode in molten KNO, at 350°C varied its potenti d 
linearly with the logarithm of the oxide ion concentration The slope of the E — log [O' ] ciii\^ 
amounts to 2 303 ((/J7’)/(2F)] at the working temperature The E value for the Cu/CuO/O- h ,ii 
cell was calculated to be — 830 mV relative to a Ag/Ag(l) reference electrode The Cu/CuO electi i . 
was used as an indicator electrode in the titration of the acid ICjCr.O, with Na^Oi in fused KNo 
The equilibrium csmsiant of the reaction 

O- 2CrOj' , 

VIZ , 

^ [CrO/ Y 
[Cr.O,' ][0“ ] ■ 

was computed to be 18 10" 

With the help of the standaid Cu/CiiO/O' potential in molten ICNf),, the normal O () 
potential m the same melt was iheorctieallv calculated This last value vi/ , 706 7 mV' was used 

to compute the cejuilihnum constant of a niimbei i>f acid base icactions The results oblaiiucl 
were as follows 


2PO , 

O' 

P,0;‘ , 


k 

3 I 

10'' 

2H,PO, 

O' 

2HPO,' 

H.D. 

A 

3 9 

10" 


o- 

2 VO,' 


A 

4 ■) 

10" 

P.O-' 

O' 

2PO.’ 


A 

6 6 

10- 

2HPO;-' 

O' 

2PO.‘ 

H,0 

A 

2 8 

10’ 

H\s(),' 

0-^ 

2AsO,' 

H.O. 

A 

2 6 

10' 


Details of the measurements and extended diseiission of the results will be published later 

4ck non Icd'^'cment —Thi: junior author is grateful to the National Research Center for the awaiei 
of a research fellowship 

A M Shams I t Din 

Lahoral(>r\ (if Elccliochcmi'.ri V (iiul ('(» loston \ A A (ii-uipis 

A'alioncil Re^aich Ccniei 
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Cano, U 4 R 
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Book icvicws 


P A 1 WiiiH and S L Smith Inert \tnic>>.phcrcs 2t5 pp Bullei worths, London, i960 50s 

Till I'Koi.kiss ol ths Atomic Fntrgv Indiistiy dui ini; the past dscadc has produced a remarkable 
dcvclopmLiit of the teehnn.|ucs asailable loi the sale handling ot reactive and pyrophoric materials 
lip to the piescnt iimi. the pi incipal bcndiciaiy has been tlie Industiy which stimulated this develop- 
mcni Howc\i.i il is mcvitiiblc that these teehnii|iies will find witltr appheations since many oper- 
atnms can be piitoimed in ineit atmospheies at less cost and with gieatei ease than they can in a 
vacuum 

I Ins development has icsultnl tiom the esteiisive use of ineit gases to piovidc atmospheres in 
which lesc.iich development and proihietion work on tiianiiim, plutonium and beryllium could be 
earned out The authors who Inive been lesponsible loi the direction of these activities at the 
Atomic We.ipons Research t st.iblishmciit at Aldermaston have written this book with the benefit 
ol then esleosive espeiience It will be helpful to all who are eoneeine’d with woik in inert atmos- 
pheies liom the icseaieh wolkei tv> the plant designei oi maintenance engineer 

The lust li\ e ehaptcis deal w ilh the pi iiiciples ol inert gas systems, the pun heat ion of atmospheres 
bv chemical and plnsual melhiuls and with the apphe.ilion ol puiiheation processes to meet the 
speeilit dem.inds ol ,i woik-sp.iee h.indling a pailieiil.il maleiial I he reniaindei of the book deals 
eonipi ehensivcly wilh the cost vlesign .ind iipcialiivnal aspects of ineit gas work-spaces and piitih- 
e.ilion pl.inis 

I he most widel\ usevl melt g Is in the L'niteel kingdom is argon which is available lelatively 
ehc.ipK m .1 slate ol high purity Helium is geiiei.illv more expensive aiiel moie dinieult to pump but 
has adv .in lages over ai gon .is a polenliai eoeil.int loi nuele.u leaeloi s since it eombiiies lieedom 1 1 om 
ilcutioil lliadl.llion liuluced l.ldio.leliv itv w all excellent heat ll.uisfel eh.il .Ictel istlcs 

I he I h.iplei cm le ik tightness .uiil lesling is a most xaluabic one which contains .i lull desci iption 
ol sniiiees c'l ilniosp'ieie coiit.imin.ition anil methods for .issessmg fhe mlegrily ol the work-sp.iee 
rile e.ipacitv aid design ol the puiilie ilion plant depends .ilmost cnliielv on the desired purity ol the 
woikini; aimospheic .md the i.ile it which this is eontammaleel bv impuiilies from the atmosphere 
sui I ounding the w oi k-sp,ice 

rile use ol Steel tor woi k-spacc' eiielosuics is ceilamly to be rccommende'd except whcie theie is a 
laige coneeiiti.Uion ol eonosive vapour within the rel.ilivelv st.ignant iiieil atmospheie However 
111 the lev lewei s opinion it is iKllhei ilceess.iiy noi tlesii tbie to ledilee v lew ing aie.is to a minimum 
eonsisteiu with the llcxibihlv md e.ise ol opeiation desiied and simplicity of se.ll design" Where 
jiyrophoiie oi i.idio.icliv e m.iteii.ils lie bung h.imlled cuts oi tens in gloves which lesiilt fiom 
gioping into blind aie.ts ol .i box mav lead to lues oi spicads ol radioactivity In cases where 
viewing .tie.is h.ive been expanded (o the maximum, eonsistent wall the maintenance ol box stability, 
the result. ml increase m the coiiccntialKiii ol impurilie-. in the box .ilmospheie has been almost 
insigtalieant 

Although the .imount ol vvoik being earned out m inei I atmospheie woik-spaees is iiieieasing 
rapidlv the problems unplieit in such woik are bv no means .ill solved In paitieul.a impiovcd 
methods loi measui mg imptinly eoneentiations below 50vpni and lor pievenling or conholling 
explosions and hies are ileedeil 

lias book, which is the lust one to de il with this bro.ad sub|eel, will be an invaluable guide to 
neweomers to the held and a uselul refeieiiee lor experienced workers 

L L Ro'ssn L 


M C Day, Jr and J Sn hin fheoicludl hun^'aiiK Cheiimliv xiv 41'ipp Remhold, New York, 
1962 96s 

Tilts Book deserves a warm welcome' Although intended pnmanly as a students’ textbook, a should 
prove ol value to a much wider ciiele of readers 

C hapters I 6 and 9 deal with valency and slruetural problems, st.irling from the fundamentals ol 
the quantum theory and of wave mechanics, proceeding to the periodic table and the nature of 
chemical bonds, and going on to inorganic stereochemistry and co-ordinalion chemistry These 
chapters arc excellent They piescnt the argument with admirable clarity, making it perfectly plain 
at each step just what is being done and why The authors have presumably thought through all the 
numerous difficulties raised by their students in the course of their teaching, and the result is a most 
readable and comprehensible text, even when it is most mathematical t-uilhcrmorc, these chapters 
cover all the essential ground up lo quite an advanced level, and deal for example with stith modern 
topics as crystal field theory 
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It should perhaps be mentioned that no attempt is made to deal systematically with erystal 
structure, though there are naturally many passing references to the subject 

Three o( the remaining chapters in the book are concerned with aspects of solution chemistry, 
while the last chapter is entitled “Theory of the Nucleus ’ The same high standard of presentation 
IS maintained, and the treatment is thoroughly sound, but the choice of subject-matter is open to 
some criticism In the limited space allocated, it is impossible to treat cither solution chemistry or 
radiochtmistiy in the comprehensive fashion of the chapters on valency tpiestions UscUil reading 
material is provided, but the degree student will have to look elsewhere lor his main texts Some 
piospeetive purchasers may indeed feel that they would have prelerred to avoid the additional 
expense ol buying chapters 7 8, 10 and 1 1 

Be that as it may, the book should enable many chemists to bring up to-datc their knowledge of 
the theory undci lying inorganic eheinistiy 

H A C VItKay 


Borax to Borancs (Advances in t hcinistry Senes no 12) 1 ditcd by R I Goui u pp viii 244 

American Chemical Soeiciv, Washington DC 1061 s5 00 

fins BOOK in a pleasant paper-back lot mat, consists mainly ol a col led ion of papers that were presented 
.It .1 s>mposiiim called Boiax to Bounds ' It loimcel part o( an ACS meeting m )S)SS and was lo 
h,i\e been pubhsheel afleiwaids with the l.ile Biolessoi G W S( Hvnim as editesr it now apjxais, 
together with ihiee extra papcis picsonted ,it Boston in 195') dedieitcd to the memory of this most 
,eti\c wot kcT in the field 

The hist reaction is one ol disappointment that so long h is elapsed belore the book has become 
geneially available A elosei suivey however shows that it is not quite so behind the times there 
ai e m my lelei cnees to work published in 1959 and some even moie icccnt C learlv some of the papers 
h.ive been biought tip-lo-d,ilc since their piosonlation 

Tlieie aie several quite eleaily ddined sections to the book although the papcis .trc not grouped 
logdhei entirely in such a way Allei a briel intiodiietion and an iningiiing biographical .leeount ot 
some ot the pioneers in this held eoiiics i gioup ol live papcis on boron itself and some ot its inert 
eompeninds and miner <i Is flien lollows the largest gioiip ol nine p.ipei s ehiellv eoneei ned with tie 
boianes then piepatalion, mtcieonveision pyiolysis alkylation and oxidation T.vo papers on mass 
speeliomelry and inli.iied ahsoipiion deal mainly with boianes ami might be ineluelcd in this group 
Metal deiivalive’s ol the botaiies aie then discussed m two papcis and then loimulaluvn as salts is 
tvamined rhiee mote eonli ibutions lollow on boion-nitreigen compounds one is eoneeintd with 
the eiystal stiudute ol ammoni i .uleluds ot B.H- and BlbCI .mother goes a \ ihiable summaiv ol 
bor,i/ine ehcmistiy, while the thud dcseitbcs situhes ,1iicelod tow. mis poKmer loimation The 
borovincs ot ganoboie'ii compounds and a suivey ol the held froin a ehemieal engineering standpoint 
eonipiise the subjeets ol the l.isl lout p.ipeis 

f he hook nal Lit ally sulleis I tom the inhcie'iit delects ol a compilation o. Ihis kind ths'c is a good 
ile.il ol oveilapping theie aie wide gaps ,ind the standaid ol the papers is vaiiable \ ncwi.omer to 
the held miglil (md il eonlusing But those aheady tamiliai with boion ehcniistrv will tind here 
much ol mteicst ami much that will stimulate Thanks lo the hue of high-eiieigv fuels some ol the 
most (.iseinating morganie chemistry of oui lime has been discoveied ami is reported bcie 
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n M (iKwi .ind R k(iiiK\(k Absorption spectra and Lonfigination of the 
amniinc soniplcscs otA.oppor( 1 1 ) / Inoii; .Sue/ C/n iii 23,25 29 (1961) 

Di Ri\(i the pr^paratiiin of onr niamiscnpt it was decided for the sake of completeness 
that ['able 2 should be enlarged to contain the values for the mono- and Irianiminc 
compounds although tliese values were not essential to the tenor of the paper In 
doing so an unintentional erroi m tiaiiscription was made in the values reported by 
BJtRRLM Hm I iiM SI \ and JoRtjLNsi N [-!(/« Clu'in .Sc u/k/ 8, 1275 (1954)] for these 
latter two eompicses W hile this oversight docs not m any way ailect our conclusions, 
vve would like to extend our utmost apology to Prolcssor B)crrum and his associates 
for this error The correct values arc given in the following table along with the 
theoietical ones pioposcd by the two sets of authois to eliminate any confusion re- 
sulting fiom the mistaken entiies 

bxpeiimcntal and calculated maxima of principle absorption peak given in m/c lor the 

ammme Ccvmplexes of coppcr(H) 
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ALPHA HALF-LIVES OF -^’At AND 

H Diamond and J E Gindler 

Argonne National Laboratory, Argonne, Illinois 

[Rcii’ived 5 June 1962, i/i reit\ed jvrm 17 July 1962) 

Abstract — The tx-hall-lives of ^'"Po, •“'’At and -'"Rn have been measured to be 0 145 0 002 sec, 

0 0721 1 0 0004 sec and 0 075 I 0 001 sec, respectively The alpha hindrance factor of ‘'’At has 
been calculated to be I 2 on the basis of its measured half-life and an a-partidc energy of 7 064 MeV 

Lrom simple barncr-pcnctration theory of a-decay, one would expect the logarithm 
of the 3f-half-hfe to be propoitional to the reciprocal of the square-root of the alpha 
decay energy*' ■“>, le, 

login'* \ (!) 

Such a relation can be demonstrated for even-even isotopes of even Z elements il /j is 
the partial giound-state a-half-life and Q is the cITective total decay energy That is. 
Q equals the sum of the a-partiele energy, recoil energy and an orbital electron screen- 
ing correction The constants A, and B are dependent upon the atomic number of 
the element 1 hey may be dctei mined by a Icast-sqiiares fit of the data to Equation (1 ) 
Odd-nucleon y-emitters m general, are not represented by the theoiy expressed in 
I-quation (I) Deviations fiom theoiy may be expressed in terms of a hindrance 
(actor, F " 

login ! log... F - UQ - - B,. (2) 

wheie tj IS an a group’s partial half-life hoi odd Z elements the values of J. and B. 
arc taken as the aiithmetical mean of the corresponding values of the two neighbouring 
even Z elements 

In most cases of odd-nucleon y-emission, it is observed that h is greater than one 
lhat IS, odd-niielcon alpha decay proceeds more slowly than the ground-state tiaiisi- 
tions ol neighbouring even-even nuclides Astatme-217, howe' er, whose h If-life has 
been lepoited to be 0 018 sec,""’' would have a hmdianee factor of 0 6 " Ihe y- 
partiele energy of this nuclide has recently been measured as 7 064 MeV Therefore, 
to determine whether the abnoi mally fast decay rate of -'"At is a real phenomenon oi 
not, the half-life of this luielide was measuied 

Similarly, •"“'Rn, an even even nuclide having a half-life of 0 019 second"’' and an 
7-parlicle energy of 7 1 27 MeV,'"* docs not give the proper i elation (Equation 1 ) vv ith 

* BiVsed on vvork pcrlormed under the auspices ot the IJ S Atomic I ncigy Commission 
( J (iViiAtiHiR, Ir and J O Rasmiissin, y Inoii; .V/«/ Clu/ii 3 7,73 (1957) 

'I I’tRi MAN and J O Rasmussfn, ilphii Riidioailiiin, \o\ •M. Handbtuh dn PInsik Spiineci- 
Vci lag, Berlin (1957) 

"1 ItAc.tMANN L I Kaf/in, M H SiuoiiR.A Ghiorso and ti I SrABout. P/n ^ Rn 72, 2S2 
( 1 947) 

" I Haoimann, L I Kai/in, M II Siooilr, G T Sfahok.. and A. Giiiorso /’/ns Rit 79, 435 
(1950) 

'A A Voror'i V, A P KoMARandV A Koraiiv,/^/; I i Td'ut f iz .79, 70 (19(i0) Sin it I 
P/ns //,PP 12, 50 (1961) 

"M H SrunirR and b K H\ni.P/n' Ree 74, 591(1948) 

'1 AsARoandl Pfri man, P/n r Rei 104,91(1956) 
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cqiiilihi iLini piMtlusis " 


"Th -► --'Ra 


. .s|^M, \ 

Ac -T- 


lo 0 <( i\ 's 


,, «... Ml \ / 

1 1 j > 

I ■< Him 


. . 7 (1(4 M. \ / ,, 

At — > ‘Bl 


4 I JliJH 


-"I’o .V- ’.;!' ^ 4 -’"'■Pb ' 


1 4 1(1 


, .Ohi 


”Ui 


Sample -■ Ai-2 was prepared by enlleeting tecoil aloms Iron, the a-deeay mI -’1 h After scvcial weeks 
ol deeay, this sample eeiiilaincd only die alpha aelivilics <.l --‘Ae and ils daughtci piodiiels 
Rad<in-218 is a membei eil the artilieialiy-pieparcd piolaetimum”” sene's 

'Pa 7 — - , » U ■ ^ I h — - — >- --Ra ->■ 


(. si i 11, 1 , 

-"^Rii , ->■ 


4,1 s .1 ,%s 




1 (>4 10 

>«r» M, \ / 


.0 f llllll 

-'"Pb 


-’"’Po 


I W 4 (I i\ H 




10 4 \t O'. 
Pb 


-"’Hi 


III 1 ,1 ,\s 


PiotaetiniLim-210 was prepaicd by bombarding a metallie thorium taiget with 20-MeV dcutcions 
After allowing the indueed acliv ilies to decay several days, the thorium target was dissolved m eonecii- 
Iralcd hydroeliloite acid I he uranium fraction formed by the deeay of protaefinium isotopes, was 
isolated by means ol an anion exehange column using various concentrations of HC'I as eluting agents 
As a final purification, the uranium was extracted as the nitiate with diethyl ether and then back- 
extracted into water A portion of this solution was used as the "‘"Rn-eonlaining sample 1 he deposit 
contained only hve a-emitting nuclides m equilibrium The ■‘"'Po a-group was not detected because 
of the hold-up at 19 4 years ’"'Pb The deposit also contained ■'■'■‘U formed by the decay of ■’■’■'Pa At 

* Half-life and a-particle energy values, unless otherwise noted, have been taken Irom Si komini.i r, 
Mollanulr and Slauorc.''^' The energy of the most abundant ■x-group is given 

C P RijI 7 Thesis, University of California, UCRL-951 I, (1961) Unpublished 

H & J MosrerY and K T ajans, /'/ ir/ Afug 22,629(1911) 

""'A G Warm, Piof Ra\ Sor (81, 183 (1942) 

"" G H BRlta.s, Rei Mod Ph\s 26, I (1954) 

"■i' D Sjroviin(,ir j M Holi ani.i r and G T SrAiiORO, Rc*i Mud Phis 30, 585 (1958) 
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'time of measurement, the amount of ■‘■‘’U a-activity was slightly in excess of the ”“U activity 
'ever, no daughter activities of '‘““U were detected 


■mctr, 


' Fig 1 represents a block diagram of the equipment used in the experiment a-particles were 
4etected m a silicon surface bariicr particle detector biased at 45 V The geometry was approximately 
tffiper cent of 477 Pulses from a-particlcs were amplified through pre-amplifier and linear amplifier 
t^hCuits and sent to two single-channel pulse analysers These analysers were operated differentially 
The first analysci emitted a signal each time it received a pulse corresponding to the a-decay energy of 
the immediate parent ol the nuclide under investigation, i e . pulses from alpha decay of ’'“Rn, ^-‘Fr 
and **2Ra lor the nuclides -"'Po, -'"At and -'"Rn, respectively The emission of such a pulse triggered 
the sweep of a 4(X)-channel analyser operating in the time-analysis (multiscaler) mode In this mode of 
operation, each of Ihc 200 or 400 channels used was successively opened and closed to incoming 
Signals from the second single-channel pulse analyser After each channel had been opened and closed 
in tui n, the 400-channel analysci remained off until another pulse from the first single-channel analyser 
mitialed a new sweep Any pulse from the first single-channel analyser occurring during a sweep was 
Ignored 



Fki I Ulock diagiam ol ihc appaialiis Analyser ^ I respeinds only to the x-decay ol 
a |iaicnt luiclidc (--"Rn --'Fr or ---’Ra) which initiates the limc-swccp of the multiscaler 
Analyser ^2 icsponds only to ihe x-decay ol the nuclide being studied (-’"'Po, -'"At esr 
•''■'Rn) and cnicis a count in whichever multiscaler channel is open at the lime 

I he second single-channel analyser emitted a signal whenever it received a pulse from the x-decav 
ol a nuclide under investigation (-'"Po, ■"‘At or -"Rn) This signal was ihei reeoided in i',. particular 
channel ol the imiUiscalcr open at that time 

The length ot time tliat each channel icmaincd open and consequently the time requned to sweep 
all channels was dclcrmmcd by one ol three types of external lime-pulse generators Sixty cycle 
altcinalmg cuirent line ficquency was used to drive a mercury relay thal gave pulses cif I6j mcce 
separation Pulses ol I msec separation wcic generated by a lOOOc/s oscillator whose Irequency was 
‘t ibilizcd by a tuning toi k Similai ly, a 1 000 kc/s ciscillator stabilized by a quartz crystal was used to 
obiain pulses separated by one and ten milliseconds The ficquency ol the latter ciseillnlor was reduced 
by means ol deeade scalers to produce pulses ol (he propci ficquency 

The agiccmcnt between hall-lives measured by the three mcthcvds of timc-puKc generation served 
as a useful calibiation ot each method Other tests weie made, however to cheek the accuracy of 
1 1 me-mcasu i cment 

( 1 ) The .iiean pulse-rale ol each time-pulsc generator was verihed by counting its output pulses in 
a muKipui pose counter lor a pei lod ol U) min An ordinary clcetnc timer w as used to measure 
ihe counting time 

(2) flic equal time-spacing ol the multiscaler channels was loughly shown in the lollowing manner 
The time-sweep ol the muUiscalei was initialed by Ihc signal irom a 01) efs pulse generator 
l^ulscs from x-pai tides of a 10" counts/mm amciicium curium source were sent to the second 
single-channel pulse analyser This analyser was operated as an integral counter vvitli essen- 
tially zero bias to x-parlicle pulses Since Ihe radioactive nuclei in the x-source dccav in a 
statistically random mannci, one would expect the number ol counts in channels of equal 
time-spacing to vary randomly about some average number This alsc>, was the observed case 









NUMBER OF DISlNTEGRA’‘IONS 
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Several checks ol this type shovvccl the randomness ot the count to be caused by counting 
statistics rather than by a distribution of channel time-spaemgs about some average spacing 

RtSULlS AND DISCUSSION 

l^ata collected in the mannet |usl described arc characteristic of those collected for 
a tuo-component decay curve The first component ai ises from the radioactive decay 
of the nuclide tmdei investigation The second represents a background of chance 
events These events occui whenever a nuclide being studied decays during a multi- 
scaier time-svvccp that has been initiated by some parent nuclide other than its own 
Such events should occur at random and should be independent of the time between 
the start of the time-sw'cep and the entry of the count 

A euive of this type may be represented mathematically by the expression, 

A'(/) Fe T D, (3) 

vvheie A'(/ ) is the luimbei of decay events observed at time /, C is a constant equal to the 
number of true decay events of the nuclide under investigation at t 0, D is a con- 
stant representing the numbci of chance events and X is the decay constant, (log, 2)/ 
/,, ol the nuclide being studied 

Data collected lor the decay of-“*Po, -'"At and -'“Rn are shown, respectively, in 
Figs 2, 3 and 4 Smooth curves have been drawn through the data These curves have 
been deiiveci by a computei piogramme"'** which involves a minimized chi-squaied 



TIME (seconds) 

Fig 2 - Decay curve tor -"'Fo Zero lime was dclcrminciJ by the z-decay ol ^-"Rn A 
quarlz ciystal oscillator was used as the timc-pulse gcncratoi 

I*-" f- V Sf nwnrjLFR, f ungrro Radioloi^w, Lid^e {\905) See also, for example, Cj Friid- 
lANDlRandJ VV Infioduc turn to Nudecn and Kwliocfunvsli y, ^ d J Wiley, New York 

(1955) 

""W C' Daviddon, Argonne National Lab Report, ANL-5990, 1959 Unpublished The proce- 
dure in this report was adapted to analyse a sum of exponential terms with an IBIVI-704 computer 
by K F Hii I siROM and n S Garbow Private communication 
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K. - -fX'cay cm VC for Zero time was determined by the .tlpha decay of “^'Fr 

A quart? crystal oscillator was used as the (ime-pulse generator 
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hio 4 — Decay curve lor -‘“Rn Zero lime was dclcrmmed by ihe a-Jecay of -^-Ra \ 

quaru crystal oscillaUir was used as the tune-pulse gencralor 
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sum lit ot the delta to Iquatioii (3) Values of the half-lives, (log, 2)1?., and back- 
gioimds J), takulated from suvh hts of the data aie also shown m the hgiiies 

I he ehi-si.|uaicd sum einalysi.s indieatcd that it was not unwaiianted to assume that 
the delta could be lepresented by fi|Ueition (3) The ehi-squaied test showed further 
iheit thi. only impoiteint source of random crioi was the nuctuations inherent in nuclear 
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Weighlcd arithmetic 





mean hall-lilc and 

Nuclide 

Mclhod ol nine 

Hall-life 

Sl.indaut ciroi 

standard erior 

Sample 

pulse ee’iicialion 

(see) 

(see) 

(see) 

"I’o 

Ouai 1/ el yslal 

0 1 43 

0 001 


" I’o 

Quai 1/ el N sial 

0 I4() 

0(K)4 

0 I4S 0 002 

" I’o 

Vk Ic cf C 

0 147 

0 005 


-'■At-2 

Quart/ eryslal 

0 0328 

0 am 


\t-l 

1 lining U'rk 

0 0120 

0 0(X)5 

0 0123 ' 0 0004 

-'-Kn 

Quarl/ eiyslal 

0 015 

0 001 

- 


I able I piesents the values ol the half-lives for all sets of data Individueil values of 
-"'Po and -'"At were weighted by the inveise squau of then standaid eirois to 
calculate their respective mean half-lives The crrois quoted aie statistical standard 
criois They do not rellect any systematic eirors that may have been made Fable 2 
compares the piesent icsults with those of othei investigators 
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Hall 

hie 


Nuclide 

(see) 

Releieiiec* 

-"I’o 

0 158 ' 

0 008 

10 


0 145 ■ 

0 015 

9 


0 145 

0 002 

This vieirk 

-'’At 

0 018 

0 (X)2 

3,4 


0 021 


15 


0 0321 

0 0004 

This weirk 

->'Rn 

0 019 ' 

0 002 

6 


0 010 ' 

0 003 

8 


0 015 

0001 

This work 


* Numbers refer to lootnotes in text 


The 0 145 ; 0 002 second half-life obtained for -"’Po is in better agreement with 
the very early one measured by Mosfify and Fajans"" than with the later, more 
commonly accepted one found by Ward*"" 

The hmderance factor of -'^At has been calculated according to Lquation (2) 
With values of 0 0323 0 0004 sec for the half-life, 7 064 MeV'’’ for the alpha- 

particle energy, 133 40 and - 51 1913 for the astatine constants, A. and S.,*' respec- 
tively, /• was found to be I 2 
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The 0 035 -} 0 001 second half-life of -"’Rn agrees reasonably well with that of 
0 030 i 0 003 sec obtained by Rin/**^* It does not agree with earlier measure- 
ments ■* 

The method described in this paper to measure half-lives may be applied to any 
system where the foimation and dcc.iy of the nuclide or nuclear state may be dis- 
cerned m some unambiguous manner Half-lives from 10 ’’ to 10 sec can readily be 
measured Other methods become more practicable at either extreme of this range 

4 (kn»wleili;enienl\ It is a pleasure to acknowledge the assistance of Mr W C Bfntliy for pro- 
\ iding the various methods o( timc-pulse generation Several valuable discussions were held with Mr 
n S CiARHovv on “progiamming" the data and with Or A H jArn v on interpretation of the data 
Mr C Am iii rg devoted much lime m preparing the data lor programming We arc also thankful to 
Ml M OsFLKA and other members of the Argonne Cyclotron firoup tor the irradiation of the thorium 
target 

"'AC I Nca isii, T E Cransiiaw, P Di mi rs, J A Harvfv, E P Hisjr ks, J V Jn 1 1 y and A N 
May P/i)s Rer 72 , 2S1 (1947) 
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v\ti"het.t .IS Sr( (), H () U' u’l'i- I'l'-’ >-hi.niit.il Mckt (oi t-.n-ii stp-iKili. milking In llic short giowtii 
pciKxl cspsrimcnts M’tiuinru.is precipii.itcJ .«s .mil the siioMliiim solution sc.i\cngccl VMih 

httOH), btlori; pitsipil.uiiii; SrC'.tJ, H.,() 

I Ik milkmu ol vtliium iLiu-lilsi .KtiMtus lioiii /in.onium s.iiiiplts w.is i,.irricx1 out using .m .inioii 
c\Lh.ini;i. Lolumn (Oovses I 4\m l)4cmj 1 hu cat iKi-Ircc /iisonuim .icliv ily u.is b.itk-e\li Jeled 
into 2 iTil soiK IK I iikI iIk solution p.issed through iht ion c si. h.iiigo column Khaos"' has shown 
that from siWutuins IDN iir hii^lKr in IK I iKi^.itucIvKhaigcd Liiltiiidc ttinipii-\LS ol /iiLOniuiii .ut 
atlsoi Isl tl w hifc \ 1(1 III 111 Is not Thus hv washing the stiltiiiin with ciiiK M( i .liter the rcquiied glow th 
psiiod sltinim slaui^htsr istisitiss sssis spi.intitaliscly leniovcd, Ic.uing ziiconuim (in iht. eoluiiiii 

Stiindaid iikTwukIow tieigtr sounicrs |Mullarcl MX 124] weic used to toUow the gioss decay ol 
aLinitKs <j iniina spedi.i wt-iL csamiiKd using a 2 in I ] in dianitlci Nal(TI) eryslal as deleeloi 
with a singiL-chaniKl anaivser oi a ‘iO-thannel analyser 

Kl SUITS AND 1>ISC'IJSSIDN 

> /// //f/// isdlapcs 

I lie gross (Jec.iy ctii \cs piotlueed by toiiiitiiig vllritim samples on a Geiger eouiilei 
eoiiid not be icsoKed s.iiislaetoi ily '/-rays trom t!ie yttrium samples were detected m 
the Nal( ri) Liyslal and .1 disci imin.i lor set so that only p-iays with encigy above I MeV 
vccie counted I he decay curses so produced were resolved lioni a 14 6 hr activity into 
thiee shoitei components with lialt-h\es ofaboiit 2 h hr, 34 mm and 12 mm (big 2) 



I I from ond of bonnD''jrdmPnt ^ hr* 

Ti(. 2 — V tinum sample, decay ol gamma rays above I 0 MeV (1 he 2 9 hr hall-lilc is 
an individual dclermmation, not the mean value) 

K A Kraus and b Nhson, Pioiecilini^s of the Inlei national Can/eu ncc on the Pcaiejiil Uses of 
Atomn Uncn^\, Cictwia, 1955 Vol 7 Paper 837 United Nations (1956) 
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The 14 6 hr tomponent is assigned to ”'’Y leaving the short half-Iivcs unassigned 
and obviously disagreeing with the reported values [Fig I Tabic I ] 

Parlf I 


Sl.onlium 


Yttrium 

Hall-life 

daughter 

Hall-life 

patent 

(Careito and Wiic,) 


2 8 hr 

H-y 

80 hr 

"■Sr 

65 davs 

„ Y 

5 hi 

“■'"Si 

70 min 



“■‘Sr 

33 hi 

"'Y 

3 5 hr 

“-Sr 

25 5 days 

“■'Y 

70 min 


Clearly the only way to assign a mass number to these activities was to examine the 
strontium decay products The chemistry used in the separations of the original 
yttiium activities and the subsequent strontium decay products made it impossible for 
any other activities, such as possible traces of radioactive rare earths derived from 
impurities in the yttrium, to be cai ried down with the strontium 7 bus the activities found 
in the strontium decay products could be used to assign a mass to, and give an indi- 
cation of the half-life of the yttrium parent activities Five activities were found to be 
involved [Table I] 

Two cxpeiiments were earned out m which the strontium daughter activity 
wa-. milked from the yttrium parent, with a growth period of I hr between milkings 
In the lirsl experiment ten milkings were made and all the samples counted for 137 
days In the second, six samples were produced and counted for 70 days In both 
experiments all but the lirst two samples showed only a half-life of 65 days The result- 
ing counting rales were cot rected (or decay, chemical yield, and difl'ercnces in counters 
and the corrected yields plotted against the time of separation (Fig 3) These two 
experiments gave half-lives of 3 8 hr and 3 I hr for ’*^Y 



hr 

I ic. 3 V ickts ot Sr milked at houily intcivals Irom ^tlniim (l'\o expeimuntv) 

(n one expciiment, six strontium samples were milked olf at two hour mteivals and 
I he decay ot the 0 225 MeV j’-iay fiom “^''''Sr, followed m each sample Plotting the 
collected yields against time of separation lor this activity gave a half-life of 3 08 hr 
loi “'V (Fig 4) 

In anothei experiment yttrium activities were produced by bombardment of a SrO 
target After allowing 4 \ hi foi decay, a puie yttrium sample was isolated and the 
growth and decay in it of the *'^"'Sr 0 225 MeV y-ray followed Fig 5 is a plot of the 
cxpciimental points con^paied with a theoretical curve calculated from the half-livcs 
of 70 mm for '^^'"Sr and 3 5 hr for ^'’Y 





I he annihiLition pe.jk m the ; -spectra from pure yttiumi samples was found to 
decay with a 3 ‘i hi lialf-hfe Yttiium daughter activities milked from pure zirconium 
samples altei 15 min growtli also showed the annihilation radiation to decay witli a 
3 5 hr hall-hle Our mean \aliie from all experiments was 3 4 hr The range of the 
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0 2 4 b H 'J 

Time from seporation , hr 

Fn. 5 Cifowth aiKi Jetay of 0 225 MeV y-rdy from an imdally pure yUrium sample 



(presumed) positrons from the 3 4 hr yttiium activity, produced by milking a pure 
zirconium sample after 15 mm growth, was found to be 1060 mg/cm^ of aluminium, 
corresponding to a maximum energy of 2 4 MeV 

Experiments m which strontium samples were counted on Geiger counteis 
were difricult to perform because the samples had to be counted for a long time (five 
months) before the decay curves could properly be resolved However, examination 
of the y-spectra from strontium samples produced by allowing yttrium to decay foi 
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30 mm jndicdted a 0 76 MeV y-ray, which decayed with a 33 hr half-life and was there- 
fore attributed to *‘’Sr None of the reported y-rays from this isotope gave peaks which 
could be resolved In two experiments with a growth period between milkings of 20 
min, SIX strontium samples were produced from an yttrium parent and the decay of 
the 0 76 MeV y-ray followed over several days using the single-channel analyser 
Plots of the corrected yields against time of separation indicated half-lives of 32 9 min 
and 36 9 mm for “‘Y (Fig 6) 



Pri 6 Yields of "^Sr milked at 20 min intervals Ironi yttrium (two experiments) 

A '/-ray of energy 0 98 MeV was found in an yttrium sample to decay with a half- 
lile of 39 min, and is therefore assumed to be associated with the decay of '''’Y 

Ihus the 34 7 f I 6 min [standard deviation] activity found m the decay of high- 
energy '/-rays from an yttrium sample is assigned to ”*Y The half-hfe is the mean of 
SIX experiments No evidence of annihilation radiation decaying with this half-hfe 
could be found so presumably ^■^Y decays mainly by electron capture 

■^•“Y In the experiment in which stiontium daughter activity was milked from the 
yttiium parent at one hour intervals, only the first two s.imples indicated a 25-day 
component hrom these experiments it was estimated that the half-life of “^-Y must be 
less than 14 mm To ineasiiie the half-hfe more accurately, an experiment was carried 
out m which six strontium milkings were made at 20-mm intervals, and the strontium 
samples were counted for six months After this time correction was made for the 
amount of 65-day activity present, and the corrected yields of the 25 day “"Sr activity 
indic.Ucd a half-hfe of 12 3 min foi ”-Y (Fig 7) 



mm 

Fr- 7 — V lelds ot “-Sr milked at 20 min inltivals lioni vUruim 
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Thus the 12 ^ 0 2 nun (nicuii ofli\c cvponiiienis) Ihuinl m the deca\ > • 

-ia\s above I 0 Me\’ from Mtimm samples is as^l>;ueci to '^-'V 

1 he tvilkina evperi/ueuis i/est/ilxil .iliove LM\e no mdii.aIioii ol an yiUiun, 
parent with a hall-lite ol 2 h hr \n e\pvrinicrir w is there/ore i. lined out to try and 
Lontirm t/ie assignment ol a .'7 Ju piisrtion aetisitv to h\ RottiRisoN t/ n/oi 
7 he finnuriydurn 6()-in cve/ofion w.is i/set/ to hoivh.ud a t.ii^cl ol 0 9 me ”'Sf 
('salate’’' [eontaimniz 0 441 mii ''‘Srj with s .V-feV' protoirs, the yttiriirn O.rctron was 
sep iiateil and tounied loi 42 da\s I he tleca\' curve was resolved rnto three coinpon- 
cnis ol fiall-lives SO hi (assitmed to ) 14 0 hi ('"'V ) artd an activity w/iic/i was con- 
Msteiit w iih a mivtuie vd 2 6 hr and t 4 In adiv ilies 1 he latter would be '^’V' Iroin a 
'’'Sr (p ; ) reaction and the toinicr would he due to '"Y pnnluced bv the reaction '^'Si 
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f vKl 1 lo and V\ ii<. 
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■'ll Y 


14 6 hr 

' 1 

5 hi 

t 4 hi 

‘Y 

- 

2 6 hi 

"V 

3 5 hr 

14 7 min 


70 mill 

12 3 mm 



lime Irom end ol bombardment, min 

ri(, 8- Zirconium sample, decay of ;’-rays above 0 6 MeV 
* Supplied by A t R E Harwell 

B E Robfrison, W E Scott and M L Pool , P/pj /Jre 76, 1649 (1949) 
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{p, n), and the same as the 2 6 i 0 5 hr activity (mean of six experiments) found in the 
decay of high-cnergy y-rays from a pure yttrium sample Table 2 summarizes our 
results for comparison with those of CARti fo and Wikj 

Zirconium nolopes 

By counting all y-rays above 0 6 MeV (to exclude the 0 59 MeV y-ray from ““'"Zr) 
from a pure zirconium fraction, two cvpcnments gave evidence for a short-lived 
activity with a 6 min half-l/fe (Fig H) The 94 min component m Fig 8 is attributed to 
«Vr 

Milking of yttrium from zirconium was difficult to perform, as it was found to be 
impossible to get a pure zirconium fraction on to the anion exchange column in under 
42 nun from the end of bombardment As only the lirst two milkings of yttrium taFen 
at 20-mm intervals showed any 1 4 hr component in the gross decay, only an estimate 
could be m.idc of the parent half-life The first milking was made after 20 min, i e 
62 min from the end of bombardment The second milking made 82 min from the end 
of bombardment h.is very little 3 4 hr activity associated with its decay, thus the 
short-lived component must probably have had a half-life between 6 and 8 mm 

fo assign a mass to this short-lived activity, a pure zirconium fiaction produced 
41 min after the end ot bombardment was milked of its yttrium decay products 30 mm 
later i e at / - 71 mm At 7 - 101 mm a second yttrium milking was carried out 
At t - 131 and 161 mm the first and second yttrium fractions respectively were milked 
ol their strontium decay pioducts, ic the original zirconium granddaughter decay 
products flic gamma spectra from the first, but not the second, strontium sample 
cleaily indicated the 0 225 MeV y-ray from '^"’"'Si, thus a short lived activity with a 
half-life of about 6 mm is assigned to ^^Zr 

A careful examination of the y-spcctra from Zi samples failed to indicate the 
existence of the 0 35 and 0 65 MeV j’-rays from **"Zr, reported by Robertson et al 
However a I 2 MeV y-ray was found to decay with a 90 mm half-hfe and is thcrelore 
assigned to ’^'Zr 
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ELECTRONIC STRUCTURE AND SPECTRA OF 
TETRAHALOGENOFERRATES (II) 

C Furlani, E CtRVONL and V Valenti 
I nstitute of General Chemistry, University of Rome 

(Rccened 13 June 1962) 

Abstract — The spectrum of the tetrahedral complex [FeCli]”’ consists of only one, rather intensive 
d-d band in the near intrarcd region which is assigned to the transition “F (1 j), and has ~ 

2 47 /1 with log £tn„i 1,9 Suitable solvents for spectroscopic absorption measurements in this 
region aic CD3NO, or CICIECN 

rrrRAiiALOGLNOiLRRMES (II), a mcnibci of the recently discovered family of tetra- 
hcdial halogcnocomplexes of transition metal tons, have been prepared for the first 
lime by Nyhoim, Gii i and toworkers<‘ ’ •*> who demonstrated their tetrahedial 
sirticltiic and described also several physico-chemical properties of these compounds, 
but did not repoit then complete spcctia, nor their inteiprctafion Continuing our 
picvioiis rescaichcs on the absorption spectra of tetrahedral halogcnocomplexes of 
tiansilion metals, we independently prepared some new tctrachloroferratcs (II) and 
measured then absorption spectia m the visible and near infra-red region We found 
tint all salts containing the anion [FeCIi]- do not absorb m the visible region (they 
appeal almost perfectly white m the solid state) but have one ligand field band with a 
maximum m the region around 4000 cm“^ (Fig 1) Such a band is undoubtedly due 
to a transition between the two sublevels (ground state) and originated from the 
splitting of the ground term '’/) of Fe~ ‘ under a ligand field of symmetry 7 ^ The best 
A value to fit the expei imentally observed frequency in the scheme of intermediate 
coupling appears to be 4000 cm F and it corresponds perfectly to the theoretical 
cvpcctation for a tetrahedial complex of magnetically normal Fe-f" and CI~ as the 
hgaiid in [Fc(l 1.0)^]-*- is about 10400 cm"' 5', so is 

expected to be a little less than of this value, owing to the position of Cl" after IFO 
in spcctrochemical series) The latio A(MeCl 4 -")/A(Me aqn"') is 0 385, m perfect 
.igrccment with values quoted by Cotton cJ for other transition metals 

It has to be remarked that such a A value for Fc-' is among the highest values 
observed for similar tetrahedral complexes of the first row of transition metals* but 
nevertheless the only absorption band of [FeClj]-^ lies relatively far m the infrared 
File intensity of the observed band is rather high (/;,„„i,, = 80 (= 3 m chloro- 
aectonitiilc solutions), as in other tetrahedral halogcnocomplexes, thus confirminc 
ihi, tetrahedral stiucture of [FcCl^]-’^ The band is a single one, and appears to be 

* Typical values are [CoCfi]-- A - 3200 cm * (8), [NiCI,]-', -- 3700 cm ' 19), [MnClJ^ , 

^ 1300 cm ' (10) 

N S Gili , R S Nyholm and P Pauling Natmc, lorn! 182, 168 (1958) 

N S Gill and R S Nviiolm, 7 (hem i'oe 3997 (1959) 

"NS Giil, / Chem Sac 3512 (1961) 
r Fukiani, Oazz Clvm Hal 87, 371 (1957) 

' ‘ C K JoRC.rNSFN, Alla Chem Scand 8, 1502 (1954) 

1 A CoiTON, D M L Goodgame and M Goodgamf / Ama Chem Soi 84,167(1962) 
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(. ll)KL\NI ( (IRNOM atUi V V'AIIMI 


s\ iiiinLtrKal althmiirh v\c Laniiot c\cludc the possible piesonce of satellites on its Jow- 
liLL|ucnc\ side ue take tins tact as an indication that lahn-Tellei distorsions of the 
{[cCI,]~ tcliahcdion, alfhotigh theoietical/y expected, aie probabi}' not \cry con- 
spicuous (see also Kefeienee 3) Actually, the calculated sclieine of energy levels 
accanding to the theory of intciniediate coupling predicts a splitting of the upper level 



(f'cC I,] in CIC tl CN, (a), (bj aibitrary oidmate scale, (b), (d), (c) in picscncc of 

excess [( ,,li,C H.N(( II ),ici 


C’f, undei 7,,), owing to spin orbit coupling cfl'ccts, into several sublevels grouped 
into three multiplets, over a range of approximately 500 cm ' (see f ig 2), but we think 
that all these sublevels arc contained under the observed single band envelope Minor 
variations m the position of the maximum according to the solvent used, to the nature 
of the cation bound to the [FeCl,]“ amon or to the aggregation state of the complex 
(sec Table), have been observed, but they arc probably due to second-sphere environ- 
mental effects, they are m our opinion perfectly compatible with the scheme of 
interpretation discussed above 

The absorption intensity follows satisfactorily the Lambcrt-Beer law only in the 
presence of an excess of free Cl ' ions, otherwise dilute solutions of [FcCI,,]“ salts 
exhibit decomposition, as is evident from the lowering of the apparent value at 
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fHi 2 Term syslent of the lowest energy levels (subics els ol 'f?) ol be- ' in tetrahedral 
coniplcNcs with spin oi bit coupling (/( 90cin '), zero ol the oidinatc scale corre- 
sponds to T('T) under without spin oibit coupling 

Ahsori’IIon spl( ika oi it i rac hi oroi crrs i is 




Compound 

Solvent 

(cm ') 

F,„,Jmolc) 

[C.HXII N(C ll^l.l.l-eCl, 

Reflexion spectrum 

4490 


(C.lT.CM.NtCH,).] FcCl, 

C’,C l„ mull 

4440 

- 

[r„H,rH,N(CH,),lTeCI, 

C’MiNO,* 

4050 

78 5 

(C„H,C^H:M(CHJ,]:FeCl, 

C DjNO.* 

4050 

75 T 5 

fC,,H,ClCN(rHi)i],FeCl, 

C 1C H.CN* 

4050 

80 ^ 3 

[(CII^I.Nl.FcCI. 

Reflexion spe'etriim 

4480 


[(CH,bN)TcCI, 

C.CI„. mull 

5880 


[(CHd,N],rcCl, 

CICH.CN 

4060 

61 ' 10 

[(C,H.),As].FeCl, 

Reflexion spectium 

4550 


l(C„H,')4As],rcC', 

ClCHiCN 

4060 

77 ; 3 


* In presence ol excess [C, H,C H_N(CHi),JCI 



162 


C J l RI \Nt 1 ClRVONI jnd V Vailnii 


llu niaxinuim rheicldi;., addition of lialidc ions in cscess appears to have a bene- 
heial cfi'cet on the stability of the tctiahcdral sti ucture in solution, as has been observed 
also with other tell alialogenoconiplcves’*’ ‘ and prevents also other possible ways of 
dcsomposition In this isspcet, while solid salts containing the [FeClj]-' anion arc 
icinaikably stable in diy air, tlicir solutions in polar organic solvents, which aie 
coloiiiless oi onlv slightly yellowish when fleshly prepared, become sometimes brown 
and undergo evident although m^t immediale decomposition, especially m contact 
with air Among the decomposition pioducts are [F'cCi,] salts, which can be detected 
by the presence of tiieii chaiacteiistic absoiption pattcin m the 500 800 m/< region, 
but the decomposed solutions of [fcCl,]- aie a blown colour which is quite diflcrent 
fioni the gieenisli-yellow colenii of [FeCI,] . and therefore must contain also other 
decomposition proeiuets eg pseiielo-octaheeli .il solution pioducts However, this 
type ordeeomposition oeeuis much less sei loiisly and much moie slowly, oi can even 
be completely pieventcd, in the presence of an excess of ficc chloride ions 

I XPt Rl Ml NTAL 

/’)</;</) (Hhui of ti liatlifoi ofn uilc HI) On misiii" stoicheiomclnc amounts evf anhydrous FeCh 
and ot an oniurn chloi ide in absolute ethanol, usually ihcchlorolerrate(ll)precipilatcs spontaneously 
Since the eompotinds ai e not extremely sensitive to oxid.alion exchisjon ol air js nol sUielly necessary, 
but it helps m obtaining purer and vshite pioducts this is impoitant, since it is olten dilhcult it not 
inipossihlo to icervstallize letracliloiolcrratcs (II) I ollowing tins procedure we prepared bis- 
irimcthylbcnrylamnioinuin Icliachloiofcirate (II) tCr,ll ,C H .N(CHi)d.ircCI,J, a cream while solid 
(found C, 4806, H 6 55, N, 5 M, fe, 1 1 14, Cl, 28 70 Calc lor C>„Hi 2 N,fcCh, C,48 21, 
H, 6 41, N 5 62 Fc, 1121, C), 28 53'’„), bis-Icdameihyl, ammonium telrachlorotcrrate (II) 

[(CHiIjNJ.ireCl,!, vshich is pcrteclly white (Found C.27 86 , M ,6 74, N,7 92, He, 1605, 

CI,40 7o'Calc foi C'dFiN.fcCI,, C, 27 76, H,694, N, 8 10, Fc 16 14, Cl 4106“;) and 
bis-tetraphcnylarsonium letrachlorolciralc (11) [(C „H .)iAs],U cCI,], paleycllosv (Found C, 60 30, 1 1, 
4 01, Fe, 5 46, Cl 14 13 C ale toi C„H,„\sJ'c( I, C,59 76, H, 4 15, Fe, 5 79, Cl, 14 73“;) 
For the sake of companson with the spectra ol dcctunposcci solutions, wc prepared also a complex 
ol Fe(IlI), namely tiimcthylbcnrylammoimini tetrachlorolcrratc (111) [C|1I.,C HjN(CH,),][FcCl 4 ], 
pale gi cell needles eryslalli/abic Ironi alcohol (Found C\ 33 86 , FI, 4 81, N, 4 20, Fe, 16 26, 
ri,4()40 Cale lor C|„H,„NFe'CI, C. 34 50, H, 4t«, N, 402, Fc, 1604, CI40 83'’„) All 
teirachlorofcriales (II) are readily and completely decomposed by water, and to a smaller extent 
also by alcohols, but aic soluble in polar organicsolvcuts, iiieludingCI FNO., CfljCN.dimelhylforma- 
mide, dimcthylsulphoxidc and ehloroacetoniti ilc As in other senes of tclrahalogcnomctallates (11) 
of transition metals'"”’ the tcliamclliylammoniuni salt is by tar the least soluble ot all All tclra- 
ehlorofcrrales (II) we prepared behave as 1 2 electrolytes in nilromelhanc and have a magnetic 
moment which is a little higher than the spin-only value for four unpaired electrons, as reported 
by CiH L"” 

SpciHoscopic iiKaiiiu’iiienis Preliminary conhrmation of the existence and position of an absorp- 
tion band in the ncarinfra-red region (4(X)0- 5000cm ') was obtained by Ihcspeetraol solid tetrachloro- 
ferrate (II) salts, either reflection spectra of the powdered substances, or spectra in hcxachlorobuta- 
dicnc mulls More exact and (quantitative observation of the absorption spectra in solution was 
difficult because of two (actors which arc a (ways a serious obstacle to spcctrophotomelric measurements 
in the region below 5000 cm ‘ (a) a strong disturbance caused by water absorption at 2 7-2 8 //, 

which can be removed only by extreme care in purging both the apparatus and the solution from 
traces of water, (b) opacity of the solvents Most common solvents contain hydrogen, and their 
stretching modes correspond to more or less intense absorptions below 4 5000 cm'’ , for this reason 
the use of solvents like dimcthylsulphoxidc, acetonitrile anti dimethylformamidc had to be discarded 
Nitromcthane absorbs less strongly than the previous solvents and can be used within certain limi- 
tations as a solvent, especially in thin layers (absorption cells of 1 mm or less) An improvement can 
be made by the use of deutcrated nitromethanc CD 3 NO 2 , which wc prepared from CH 3 NO 2 and 
DjO by Wilson’s method , it still absorbs in the region 2 7-2 8 //, as does nitromcthane, but the 

F A Cotton, D M L Gooogamf and M Goooc.ame / /imer Cheni Soc 83, 4690 (1961) 

C Furlani and G Morpurgo, Z P/ns Cliem NF 28, 93 (1961) 

C Furlani and A Furiani, 7 Inert; NncI Cheni 19,51 (1961) 

T P Wilson, 7 Chem Pins 11, 361 (1943) 
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absoiptioii bands of CH,NOi at 2 2-2 1 // and at 2 4 /rare greatly reduced in intensity, so the opacity 
of the solvent is also greatly reduced <iood results arc obtained also by the use of chloroacctonitrile 
as a solvent, although ClCIIjCN has several intense absorption bands between 2 and 3 /« (at 2 20, 
2 15 2 54, 2 67 /r), they arc very narrow, and obscure only a lew narrow frequency intervals in that 
region, so lliat the contour of a rather broad absorption band, as is that of [EeCl,]-' , can be completely 
identified, chloroacctonitrile has the additional advantage of being a very good solvent, where fairly 
Lonceiitraltd solutions of halogenocomplexes can be prepared, thus allowing use of very thin absorp- 
tion cells and further improving the total transparency of the solvent The vibrational spectrum of the 
onium cations can be sometimes observed as a system of narrow bands superimposed to the envelope 
of the much broader it-d band of the anion 

Most measured spectra wcieot the trimethylbenzylammonium salt in the presence of the corre- 
sponding chloride, which are both easily soluble in the solvents mentioned above, the tetrameihyl- 
aminonuim salt is much less soluble, and the tctraphenylarsonium tetrachloroferrate is itself well 
soluble, but tetiaphenylarsonium chloride is not, and the complex could be measured only in presence 

01 a very small excess of licc Cl ions bpectroscopic results could be obtained lor all three mentioned 
tell achlorolerr.ilcs (11), and no signihcant dilfcreiice between them was detected (see Table) except a 
shift ot ^400 cm ‘ in passing from solutions to the solid state and a somewhat lower extinction coefli- 
sienl for the tctiamelhylammoniiim salt 

/ iira/uj-fie/tl I a/i ulciliom The term system of Fe-' was calculated only for the split terms of 
undci a field of tctiahedral symmetry with spin -orbit coupling, m iwci wcak-hcld approximations, i e 
( SLM^Mi) — > (SLJMj) Mj) and ) ► (5> rM, ) -♦ (1 A/j Mj), which gave exactly 

coincident results, matrix elements tor the hist reckoning scheme can be found in fjnllith'”’ and for 
the second one III CoNiJON and Siioii ii i y*'*' I heory of the atomic spectra”, Cambridge Univ Press 
1 451 Since the bgand field interactions due to tetrahedral environment represent a very weak perturba- 
tion we arc confident that the adoption of a weak-field scheme and our neglecting the higher levels of 
lower spin multiplicity aic fuliv justified We assumed i 360 cm"’ or / 90 cm"' (a slightly 

smaller value than in tree Fe’’ ), and varied (r between 2500 and 45(X) cm"' As is evident fromPig 

2 the tctrahcdial giound stale '/,( /,,) is left still piactically degenerate by the spm-orbit perturbation, 
w liercas the upper state (' I C,) is split to a much larger extent , the best A value which can fit the 
avciage expel imcntal frequency is 4000 cm"' 

— \ he present work has been earned out under financial support by NATO through 
a NATO Research grant 

1 S (jRiriiiii. '[Ih’oi v nf 1 umsitum Metal Ions Camb Liniv Prcss(iy61) 

('oNiifiN and Shotf i-Y, T/uoi v of Atomic Speciia Camb I'niv Prcss(l951) 
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INFRA-RED ABSORPTION SPECTRA AND STRUCTURE OF 
BIURET-HYDROGEN PEROXIDE COMPLEXES 


K Aida 

TIil Chemical Rtsccirch Institute of Non-Aqueous Solutions, Tohoku University, 

Senddi, Japan 

t /?<''(/( ri/ 4 A/<n' 1 962, m leiiscd jot m \(^ Juh 1962) 


Abstract -Iwo complexes of biuret and hydrogen peroxide, (CjHsNjOjJs HjOj and (CiH^NjO^)^ 
(HjO,)., have been prepared The inirared ibsorplion spectra and the X-ray diffraction patterns of 
these eomplexes arc quite similar to those of biuret hydrate Consequently, it has been concluded 
that the biuret molecules m these complexes have the trans configuration and make up inclusion 
compounds as is the ease in biiiiot hydrate The differences between complexes of urea hydrogen 
peroxide and biuret hydrogen peroxide are discussed 

lx d pievioiis report,*'* the author has shown that the biuret molecule can exist in at 
least two forms One ts found m biuret hydrate (a-form) and the othei in anhydrous 
biuict (/i-from) In the former case, an X-ray analysis has been carried out by Hlghfs 
ct iin-> and It was found that y-biurct has tlic tians configuration with the amide 
giotips inclined slightly to each other In the case of /Fform, no structural study has 
yet been reported, but the following cis configuration was proposed*" from the analogy 
to diacetamidc*'" <mcl from the infra-red absorption spectra of its metal complexes *" 


H 

H.N N O 


H 

HN, N NH., 


C C 

O NH, 

a-form 


C C 

I 

o o 

/i-form 


Biuret forms complexes with hydrogen pcioxide as its mother compoucJ, urea, 
does The purpose of this study is to obtain evidence relating to the configuration of 
llic biuret molecules in these complexes Also, it appears worthwhile to compare the 
xtiLieture of biuret-hydi ogen peroxide with that of urea-hydrogen peroxide 


LXPhRIMCNTAL 

A biuict -hydiogen pci oxide complex was first prepared by SiOLizrMtLRCi'*’ in 1916 and had ihe 
lomposilion of (5 to 1) Besides this, a (5 to 2) complex is known lo be loimcd by changing sliehtly 
ihc ciystallumg conditions Crystals tryslaliizcd slovxly under the conditions of SioLt/rNBERt, are 
n.insparcnl needles and have the composition of (5 to 1) However, those vryslallircd rapidly from 
more concentrated hydrogen peroxide solutions are white opaque needles and have the composition 
ol (5 lo 2) The analyses of the compounds used m the present work arc as follows 

fiansparent crystals Calcd for (C,H ,NiO,), H,0, C, 21 9, H, SO, H,0,, 62‘’„ Found' 
< , 21 0, 21 5, H, 5 1, 5 0, H,0, (loUomctry), 6 4, 6 5"„ 

Opaque crystals Calcd for ’(C,H,NjO,), (tUO,), C, 20 6, H, 5 0. H,0, 117% Found C 
■’OX 208, H, 50, 5 2, H,0, (lodomelry), 1 1 8, 12 5 % 

' K Aioa, y //jCTg Nial Chew 23, 155 (1961) 

1 W lliioHLS, H L Yakll and H C Frphvian, alrfo Cr ur 14,345 (1961) 

I UNoand K Machida, Bull Chew Soc Japan 34, 545 (1961) 

' H SroiT/i NHFRi,, Bci Dlufi Claw Ce\ 49,1545 (1916) 
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A'Ov^ni riibe'" cm 

I'Hj 1 ln(rM-icd >ibM)ipiuin spctiia ol (a), buiiti-ii)dioi;cn pLiimdc, <b), bimct 
h)drilc (solid line) and anli)dioiis binict (between line) 


Rl SUL I S AND DISC IJSSrON 

riie infia-rcel ahbt'irptuin spectrum of (C.Hr.NiOj)-, 1 LOj is shown in fig la. 
(Cjl l-,rN,0,), (H20 j)j gives an almost leicntieal curve winch is not shown Observed 
Ireqiiencies arc listed in lahle 1 togctlicr with those of biuret hydrate and anhydrous 
biuret On compaiing the spectrum vvitli those of biuret hydrate (Lig lb, solid line) 
and anhydrous biuret (Fig I b, broken line), it is easily seen that it is quite similar to 
that of the biuret hydrate As stated above, the biuret molecules in biuret hydrate 
exist in 7-form Consequently, it can be said that the biuret molecules in (C>Hr,N 30 ,), 
HjO, and (C.H^NjOilj also exist in a-form 

By close examination of the curve in f ig la, it is seen that there arc weak absorp- 
tions around the places indicated by arrows which are not found m Fig lb These 
absorptions become slightly stronger in the ease of (C.H-.NjO^)-, (Fl>02), and therefore 
these must be due to FIjO^ This point will be discussed in connection with the urea 
hydrogen peroxide complex Assignments of the frequencies of the biuret itself will 
be reported later together with the results of the deutcrated biuret 

In Fig 2, infra-red absorption spectra of urea (broken line) and its hydrogen per- 
oxide complex (solid line) are shown As is seen from this figure, the situation is quite 
different from the case of the biuret, that is, marked differences are observed between 
curves of urea and its complex Observed frequencies and their assignments arc given 

'o C Lu, L W Hctaiisand I> A Giocfrf.J Amer Che»i Soc 63, 1507 (1941) 
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Tabu 1 — Obslrvld rRrouiNciis (cm op bjurit- 
iiytiRotibN ppROXim ANiJ iiiuRt r 


Bmret-hydrogen 


Anhydrous biuret' 

peroxide 

Biuret hydrate' 


3500 ill, hi 


3468 r 

3465 i 


3402 j 

3400 a 

3402 1 i 

3220 r, III 

3220 5, hi 

3250 s, hi 

3010 If, ill 

3020 If, ill 

2820 1 If 

2630 1 If 


2020 1 If 

1740 1 

1740 i 


1710 1 r 

171011 

1725 I r 

1683 1 1 

1622 A 

1600 1 

1600 1 

1585 1 

1495 III 

1415 III 

1411 III 

1422 A 

1 360 1 

1356 1 

1 326 I 1 

1290 It hi 

1 1 1 8 » 

1 124 1. 

1 1 32 11 

1088 11 

1090 M’ 

1077 in 

955 1 H 

880 1 11 

952 If 

945 11 

804 If 

800 If 

795 11 

775 III 

767 III 

7(i5 III 

764 III 

740 11 

738 H 


70S III 

706 III 

714 III 

675 If 

I’l, vciy slioni; i 

strong, in, mcdiiiin. 

If weak 111 sery 

weak ill shoiikicr, 

hr. bioad 




; ’ I' ) ' I » f iiS t.d" ' ' ij LlO bwQ 


t jnff r f ' 

Fu. 2 -Inlia-icd absoiption spectra of uiea (broken line) and uica-hvdrogcn 

peroxide (solid line) 

111 lable 1 Assignments of the frequencies of urea are taken from the paper of 
Y \MA(.Lf ni<®> Those bands designated by * are not discussed by her and their 
assignments are, therefoie, taken from the paper of Stiwart*'* 

there IS a resemblance between the spectrum of the urea-hydrogtm peroxide 
complex and those of metal complexes in winch the coordination has occurred through 

" V YamaCiI/c nr, y Client Sin Japan Pine Client 5<’rr;<wi, 78, 1319, 1467 (1957), A A'amaguchi 
I M1YA7AWA, r Shimanoik III and S Mizushima, 'Irlrr, 10, 1 70 (1957) 

' J F SrrvvARl.y Chem Pli}i 26,248 (1957) 
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the iiitiogeii atom of the uiea molecule i or instance in <.lichloro-bis-(urea)- 
platinum (II) and di».hloro-bis-(inca)-palladumi (II), tlie bonded NH stretching 
sihiations are obsersed at ^180, 3030 eni ^ and 3140. 3030 cm lespcctively In 
the case of the urea hydiogen peroxide complex, these appear at 3100 and 2960 cm ' 
In the same vwiy, those bands at 1410 and 900 cm ’ in the hydiogen peroxide complex 


1 Mil 1 2 OnsiRMo iRiyoiNc iis (( M ')oiCO(NHp. 

,\M> ro(Nii,), it.o, 



CO(NM,), 

CO(NH,), H,0, 

1’ 

assign iiiL Ills"' 

V 

assignmtnls 

UJs 


t442 


V742 

Nil St 

044 

NH St 

U 10 


4260 




tl(H) 

Nl 1 . (bonded) si 



29(>0 




2740 

due to 11,0, 

1677 

to St 

1675 

CO St 


Nil. del 


NH, del' 

1625 

Nil dll 

1640 

NH. del 

1 600 

NH, del 

1605 

NH, del 


to St 


t'O St 

1467 

tN si 

I4S0 

C N St 



HIO 

C N (bonded) si 



1 4(,S 

due to 11, 0> 

1152 

Nil. losk 

1156 

NH, lock 

MOSO 

NH. i.Kk 

1045 

NH, loek 

KXK) 

CN st 

1015 

C N St 



900 

t N (bonded) s( 



880 

due to 1 1 ,() , 

+ 785 

skulotal 

785 

skeletal 



757 

Nl 1, w.ig 

'700 

Nil. wag 



correspond to the bonded CN stretching vibrations which iire observed at 1395 and 
S96 em ' m the platinum complex and at 1400 and 910 cm ’ m the palladium complex, 
respectively In other words, there appear to be fairly stiong hydrogen bonds ot the 
- N — H O type m the urea hydrogen peroxide complex According to the result 

of the X-ray study,'"’' there are at least two types of hydrogen bonds, the CO group m 
urea also forming a hydrogen bond to hydrogen pci oxide molecule How'cvcr, as far 
as the infra-red spectrum is concerned, the strength of this bond seems to be of the 
same magnitude as that of the bond fvirmed betw'cen urea molecules, because no dis- 
tinguishable change is obseived in the caibonyl stretching region between urea and its 
hydrogen peroxide complex 

The fact that fairly strong hydrogen bonds exist in the urea hydrogen peroxide 
complex and no such bonds in the biuret hydrogen peroxide complexes should be 
reflected m the vibrations of hydrogen peroxide Unfortunately, some of the absorp- 
tions of hydrogen peroxide are overlapped with those of urea or biuret The observed 
frequencies arc listed m Table 3 

In the case of the urea complex, there appears a strong and broad absorption at 
about 2750 cm“^ which very likely is due to the hydrogen bonded OH stretching 

"" R B Penlano, S Mizusuima, C Curran and J V QuaciLIAno, / Anwt Chew Soi 79, 1575 

( 1957 ) 

D Buismrov, T SuMAROKOVA and V Fn imokov, Og/ Spektrosk 9,460 (1960) 



Infra-red absorplioii spectra and structure of biuret hydrogen peroxide complexes 169 


Vibration This vibration occurs at about 3400 cm' ^ in pure liquid hydrogen peroxide, 
but strong hydrogen bonding of — O — H N type in the urea complex probably 

has resulted in the shift of this vibration and has broadened it There is a weak band 
at 2780 cm ' in pure liquid hydrogen peroxide which is assigned as a combination tone 
The coi responding band m the urea complex may be covered by the above mentioned 
bonded OH stretching absorption In the table, the frequencies of the hydrogen 


Table 3 — Ahsorpiion of hvoroofn peroxide (cm*’) 


Tree 

HO) 

In 

In 

Vapour 

Liqu'd 

CO(NH,), H,0, 

(C,H N 3 O,), K,0, 

3590 

3400 

2740 

overlapped 

2630 

2780 

(2740) 

2630 

1255 

1350 

1365 

1290 

877 

880 

880 

880 



Inlerplanor dislance, A 



Inierplonor distonce A 


lb) 


( 0 ) 

Fici 3 -X-iay dilFractioii patterns (Dcbye-Schcircr) csf (a), biuret and its bydiogen 
pcioxide complexes, (b), uica and its hydrogen pcioxide complex 


peroxide itself are also included which are taken from the study of GiGtfRr'^*” As is 
seen liom the table, the obseived frequencies of the hydrogen peroxide in ihe urea 
complex arc somehow closer to those of the liquid hydrogen peroxide, w hilc in the case 
oi ihc biuret complexes, they arc closer to the hydrogen peroxide vapour This is 
exactly what is anticipated, for the strong hydrogen bonds between urea and hydrogen 
peroxide would tend to shilt the frequenecs of the latter closer to those of the liquid 
while the weaker interaction in the case of biuret and hydrogen peroxide would result 
in the frequencies being closer to those of the vapour 

It is well known that urea forms many inclusion compounds However, the X-ray 
an, lysis*’’ and the infra-red absorption spectrum of the urc.i-hydiogen peroxide 
Cl implex shown ,abovc indicate that this is not an inclusion compound On the other 
hand, the infia-icd absoiption spectra of biuret-hydrogen peroxide complexes suticest 
that these must be inclusion compounds Chemical analysis also supports this idea, 
because the compositions of these complexes suggest that five biuret molecules com- 
pi ISC a unit as in the case of the biuret hydiatc The latter compound has already been 
shown to be an inclusion compound'"’ in which water is a guest molecule 

""’I’ A CJuaiRt, 7 au'//r Pli\s 18,88 (1950) 
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In order to support this point, the X-ray dilTraction patterns (Debye-Scherier) of 
these complexes are compaied As is seen from Fig 3b, patterns are completely 
different between urea and its hydrogen peroxide complex However, the situation is 
quite different m biuret hydrate and hydrogen peroxide complexes Especially the 
to 1) complex gives almost the same pattern with that of the biuret hydrate Con- 
sequently, It can be said tliat the (5 to I) complex is certainly an inclusion compound 
and probably the fs to 2 ) complex, too. 

I he slructuial unit of (he biuret hydrate is given as follows 

a 3 63. b- 17 78. i -9 18 A, // 119^0' 

Assuming the same angle jl for the biuietdiydrogon peroxide (5 to 1) complex, it is 
fairly simple to calculate tlie spacings of net planes 1 he coincidence between calculated 


I Alll I 4 t OMPSRISOSJ OF rALri'LAll O AM> OBSFRVl r> 
SPAt F INC.S 01 NM PI ANFS IN Ull'KF F HSDRATl AND IN 
liiLRi r hydrcXjLN piroxiiif foMPttx (A) 





ItlUICt 

hydiato 

Biuiel hydiogen pcioxidc 

hkl 

Calc 

Obs 

Cak 

Obs 

0 


11 

« 

8 85 

8 64 

8 63 

0 

1 

1 

7 28 

7 26 

7 42 

7 42 

0 

t 

1 

4 76 

4 75 

471 

4 70 

0 

1 

2 

3 89 

3 87 

4tM) 

4 00 

0 

2 


3 M 

3 62 

3 71 

3 71 

0 

5 

0 

3 S6 

3 58 

3 45 

3 Sf, 

0 

t 


3 31 

3 38 

3 35 

3 36 

0 

5 

1 

3 25 

3 24 

3 18 

3 19 

1 

0 

0 

3 16 

3 19 

3 16 

3 19 

1 

1 

0 

3 11 

3 15 

3 11 

3 17 

(1 

4 


2 97 

3 (X) 

2 98 

3 09 

1 

2 

0 

2 98 

2 96 

2 97 

2 98 

1 

I 

1 

2 52 

2 54 

2 53 

2 53 

1 

2 

1 

2 44 

2 42 

2 45 

2 40 

0 

4 

t 

2 28 

2 22 

2 31 

231 


and observed values is good as is sliown in Table 4 The structural unit used in this 
case IS 

a -17 26, < -= 9 45 A, /7 -119" 30' 

CONCLUSION 

Two complexes of biuret and hydrogen peroxide are found, (C^H^NjO^,)-, H ,02 
and (C 2 H 5 NJO 2 ) , Biuret molecules in these complexes have the a-form In the 

urea-hydrogen peroxide complex, rather strong hydrogen bonds of the — N — H O 

type are formed No such strong bonds arc formed in the biuret hydrogen 
peroxide complexes It is concluded that the biuret-hydrogen peroxide complexes are 
inclusion compounds m which the hydrogen peroxide is a guest molecule 

Ackiwi\ h'clm’meni^ -The author is indebted to Professor S Kinumaki of this Institute and to Professor 
R C Taylor of University of Michigan for their encouragements throughout this work 
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THE PREPARATION AND COLOUR OF TRlS-2,2'- 
BIPYRIDYL-^ and BlS-2,2',2"-TERPYRlDYLRHODIUM(ITT) 

SALTS 

» 

C IVI Hakris and L D McKfn/u 

Department of Inori^anic and General Chemistry, University of New South Wales, 

Kensington NSW 

( Reel'll I'll 1 2 June 1 962) 

Abstract- I he preparation of the two senes of salts [Rh(2 2'-bipyridy1)3]X3 and [Rh(2,2',2 '-terpyri- 
dyD-lXi (where X Cl, Br, f, SC N, and CIOj) is described The colours of these salts arc inter- 
pteted m tcinis ot charge tiansfer fioin the anions to the colourless cations 

Till Rf IS some confusion in the litcratiiie about the colour of the trisbipyndyl- 
rhodium(Ill) cation Jatgi r and van Dijk*'* prepared this cation as the chloride, and 
weic geneially unable to remove, by rccrystallization, the small amount of “blood-red 
substance'' winch was contaminating their product More recently, Mari in and 
Waini)*"' lepoitcd the peichloiatc as being pink, and they inteiprctcd its visible 
absorption spcctium in teims of crystal field theoiy As in the case of the 1,10-phen- 
.mthrolme analogue, < how'ever, the pure hydrated tiis-bipyiidylrhodium(ll]) chloride 
car. be obtained completely colourless, using aetivated charcoal to adsorb the coloured 
impuiity 1 he differential adsorption on charcoal is less marked for the bis-tcrpyiidyl 
salt, .md in this case the percentage recovery of the colourless material from the re- 
t lystalli/ation is very low The absorption spectia of these cations in the ultra-violet 
legion are sliown in Fig I T oi the tiis-bipyiidyl-complev, the spectrum is in agree- 
ment with Mari IN and Waind’s measurement in aqueous solution Their spectrum 
III the visib'e region is doubtless due to the coloured impurity, which, by its close 
analogy with the phenanthi ohne <malogue'’> appears to be a mono-cheiated complex 
A numbci of salts of these cations have been prepared, and are listed m the Table, 
logether with then colours The bistcipyridyl compounds are reported for the first 
Inne. as are a number of the tiisbipyridyl compounds Their colours increase with 
mcic,.sing polaii/ability of the anion, and range from colourless for the perchlorate 
and hydrated chloride, through various shades of yellow, to a deep orange-red for the 
inhydioLis iodide Such colours are doubtless a result of an interionic charge-transfer 
process, of the type discussed by Orgel for the hcxammmeiiidium(III) halides '•** 

[Rh bipy3]''' + T' hv >- fRh bipyg]-'' -| I 

1 he increase m colour on dehydration, indicating a shift of the absorption to longer 
w.ivelength, is a result of the closer approach of the ions lowering the energy required 
for the charge-transfer process The flat chelate molecules give the cations a paddle 
w heel shape, and the water of crystallization is probably located m the angles Removal 

F' M Jaec.ir and J A Van Dijk, Kon Akad lan fVetenr , Annteidani 37, 284 (1934) 

B Martin and G M Waino, 7 Clwm Soc 4284 (1958) 

"’I D McKrN/ii and R A Plowman Unpublished work (1958) 

L r Okgvi , Quart Rev 8,422 (1954) 
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of this w.itci thus allows lIosci approach ot the anion to the central metal atom, 
although it should be noted that the charge tiansfei may occur through the aromatic 
ling system of the ligand 

We were inteicsted to sec if the anion was sufliciently close to the cation, to give, in 
cITect, a stable seven oi cight-covalent species, which would persist m non-aqueous 
sidvcnts such as nitiomcthane and nitroben/enc since it was noted that the thiocy- 
anates and iodides gave yellow solutions m these solvents The obseivation of charge- 
tiansfcr Ixmtls m the coppci complexes Cu chelatcnXj (where chelate 1,10-phen- 



i Kj I Absoiplion spccira in nielhanol of 
(.0 16 10 ■ M [Rh bipydC h 4 

and (b) 15 10 ‘ IVI [RbtlcrpytdCI, TH^O 

M ixinia OLcur al (a) 242, (tOO, 108. and 321 ni/i , 
and (b) 246, 270. (290), 326, 341, 356 m/i 

anthrohne and 2,2'-bipyridyl. and X a univalent anion) led to the demonstration 
that copper had a coordination number of five in these compounds, with a trigonal 
bipyramidal stereochemistry''’’ YoNtOA’s absoiption spectral study'®’ of the inter- 
action between various anions and the hexammiiiccobalt(ni) and chromium(lll) 
cations, led him to believe that m the association product, the approach of the union 
was sufficiently close to give, in effect, a hepta-co-ordinated complex 

The conductances of the various rhodium salts m nitromethanc are listed m the 
Table, together with those of some simple salts to give a comparison of the mobility of 
the anions These indicate that, although there may be some association, increasing 
in the order < SCN" - ' Br~ Cl“, it is not sufficient to indicate the existence of a 
significant concentration of a stable species of higher co-ordination number Even in 

<'*1 C M Harris, T N LockVinandH Wailrman, Natuie, Loud 192, 424(1961) G A Barclay 
and C H L Kiunard, Naf lire. Land 192, 425 (1961) 

"" H Yonfda, Bii// (hem Soc , Japan 2S, 125 (1955) 
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the more weakly polar solvent nitrobenzene, a eonduetometrie titration of tris- 
bipyi idylrhodium(III) pcrehlorate with triphenylmethylarsonium iodide gave a 
straight line plot It is pertinent to note that a recent study of aqueous copper(II) 
bromide has shown that the concentration of the CuBr' species, which is responsible 
for a charge transfer band at 280 m/i, is so small as to be “scarcely detectable by 
measiiiements of thei modynamie properties or conductances"*'' I he intensity of 
the charge transfer bands is such that the species responsible foi them need be present 
111 only \eiy small concentration 


lAiut 1 MnirtuiAR conoik ian<is in niiromfthanl ai 2S 0 C 


C'Diiipoiind 

IRIi bipy,| C I, 4 5 11,0 
[Rli bipy,] Hi, 4 5 H,0 
[Rh bipy,l S( N, 3 11,0 
I Kh bipy |] 1 , 3 H,0 

[Rli bipy,| (CIO,), 3 SH_0 

|Kh kipyj ri, 7 1 bO 

fRh tcipy.l Hi , 6 H ,0 

IRIi lupv.l (St M, 4 H,() 

(Rh lupy,] 1,2 11_(4 

|Kn lupyj [( 10 , 1 , 2 Hy) 

Ni l, Hi 
N1 I, 1 
Nl I, ( It), 


Colour 

Colouilcss pale yellow when 
anhydrou-, 

Colourless yellow when 
anhydrous 

Ve'llow bright yellow when 
anhydioLis 

Blight yellow — oiange when 
anhydious 
and red on healing 

Colouiless 

Colouiless yellow \ hen 
anhydrous 

Rale cicani — yellow when 
.inhydrous 

Vellow — yellow when 
anhydrous 

Oiange— Oraiige-ied when 
anhydious 

( olourless 


Concentration 

Conductance 
( mho) 

0 92 

10 ' 

M 

230 

0 73 

10 " 

M 

240 

0 91 

10 ’ 

M 

248 

0 67 

10 ’ 

M 

25 1 

0 92 

10 ’ 

M 

261 

0 49 

10 ‘ 

M 

254 

0 63 

10 ' 

\1 

238 

Insoluble' 


— 

0 6 1 

10 ^ 

M 

23| 

1 08 

10 ’ 

M 

232 

1 43 

10 ■* 

M 

103 

1 35 

10 ^ 

M 

103 

1 48 

10 -I 

M 

104 


ll'3' 



hXRHRIMhNTAL 

I’l /hlltino/l I)/ idllipoiliult 

[Rh bipy,|( I, 4 5H.O anj |Rh bipyj Bi,45il_0* R heHliuml 1 1 1) ehloiide oi i hodium(ll I) 
hoimide was lused with bipyridyl (in ihc lalio I 3 S) and Ihe melt boiled 10 ipin \queous ethanol 
(sO pel Lent) was then added dreipeeise and ihe resulting solulii'n relluseel feir scecral htiurs It was 
(hen treated with animal ehareeral and icfluscd for a luither 30 nun, alter whieh the product was 
pieeipitated lioni the tilteicd solution by Iheaddilionol acetone 1 he colour less crystalline produet was 
liliLied oil washed with acetone, and diicd in an (bound Rh, 13 5 C, 47 2, H 4 4, N ill 
< ale loi t ,„H,,chN„0, ,Rh Rh, 13 6, C, 47 5, H44 N 111",, lound'kh 1 1 h’ 040 1 
II 6 N,'M Calc foi C,„ H,|Br,N„0, ,Rh Rh, ll(>, C 404, 11,3 7 N 94'’,,) 

[Rh bipyq (SCN)t 3H.O rite compound was piceipitated from an ethanol solution of the elilotidc 
vu I h Mh'um thiocyanate (round t , 49 9. H 3 7, N, 1 5 4 C ale lor CnH,„N„0,RhS, C49(,, 

[Rh bipy,]!, 3H.C1 The compound was precipitated horn an aqueous ethanol (20 80) solution ol 
(lie elileinde with lithium iodide (Round Rh, 102 C,35 7, 11 3 2 N 83 H.O S ^ r'.i, 

3 oll,„l,N,C),Rh Rh, 10 2 C,35 8 11.30, N, 8 35, H.O,54") 


Ihe essential leatures ot this method vsere designed by Jaeger and V.m Dijk. 
17 -3 I flopr, R J Or ri Rand I I PRiir / C/u,n Sot S226(19M)) 
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[Rh bipvj](t IOjIt 7 5 H^O The compound was piccipitatcd lioman atjucous solutions of the chlo- 
ride with sodium perchlorate (F'ound C, 38 8, H, 3 5, N, 8 6 Calc lor CauHjiCIjNoO,,, ,Rh 
C 78 7, 13, 7 7 Tsi, h ()"„) 

[Rh terpvj CI3 7HT) and [Rh teipy.l ttr,6H,0 The method was the same as for the bipyiidyl 
compounds except that several treatments with animal ehaieoal wcie necessary before a colourless 
pioduet was obtained, and the pereentatje iceovcry was small (I'ound Rh, 13 0, C, 44 4, 13, 4 5, 
N 112 Calc lor C 3„Hj„tl3N,0-Rh Rh, J2 8, C,44d, H,45, N,105"„ Found Rh J|3, C, 
7';() II 7 9 N, 8 4 Calc for Cu,F3nHr,N,0„Rh Rh, I 1 2 C, 39 3, H. 3 7, N 9 2",,) 

[Rh terpyd (SCN), 4HX) As lor the bipyndyl compound Hound C,480, H, 3 1 , N, 1 5 8 
t.ik lor C,,ll,„N,/),Rhs', C, 48 6 H 7 7, N, I5 5"„) 

[Rh lcrp>_]l I 2llj() 3'he compound was pieeipitated fiom an ethanol solution ol the bromide with 
lithium lodid’c Hound C 36 8 H. 2 9, N 8 3> tale loi C,„H3,ljN,.0,Rh C, 36 5 11,2 7, 

N 8 5".,) 

[Rh lerp) J (t It),), 21 Ft) As loi tin. bipvi idyl compound (round C, 40 5 13 7 I N, 7 8 

tale for C'.HF.C l,N,(),|Rh t 400, 11,2 7 N 9 7"„) 

1/noipli<in ^pitliLi and < fa/i< nicit'.iii intutts 

The speetia weie obtaincel on a C uy Spcelrophotometei model MSI I, using 1 cm Silica cells and 
2 10 ' M solutions 111 melh mol 

I he eonduelanec mcasuiemeiits in freshly distilled nitiomcthanc weic obtained with a Phillips 
tonduetivitv BikIuc model CA14249 and a dip type eel! model tjM422l/OI 

t( /( f/yi /lit /(/ 3 he ituhois aic indebted lo l>i I CiiviirN loi the semi-mieioanalyses ol car- 

bon hydrogen and nitiogeli 
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SOME REACTIONS OF TETRA(DIMETHYLAMINO)- 

DIBORON 

A G Massey and N R Thompson 
Universily Chemical Laboratory, Lciisficld Road, Cambridge 

( Rcceii eel 22 June \9(i2 in itineel form 16 Ju/} 1962) 

\b^lract The reactions ol tetra(dimethylamino)diboron, B^INtCH,).],, with ovygen, hydrogen, 
Lihylcnc, mine oxide and vaiioos chlorinating and lluorindting agents are described 

Dihoron compounds as simple souices of boron-boron bonds, have rccciscd active 
interest m the last two decades*" The halides are difficult to prepare but reeently it 
has piovcd possible to isolate telra(dimcthylamino)diboron, HJN(CH()Ji. m high 
vield by the Wurtz-type reaction *" 

2XB[N(CH,),], ! 2Na - 2NaX : B^[N(CH,)J, 

X Chloime or bromine 

Tctra(dimcthylamino)diboron, a colourless, slightly volatile liquid, is extremely 
sensitive to traces of moisture with which it produces dimcthylaminc and sub-boric 
acid Previous workers had noted its high thcnnal stability, we restiidied the thermal 
ilecomposition hoping to ptep.ue such compounds as [BNlCH,),]^ analogous to the 
boion chloiides B,CI,, BnCI„ and (BCt)^ 

xB,tN(CH,),]i-> xB[N(CH,),], [BNCCH,),]^ 

I iblc 1 shows that even alter many days at 300 ' only about 20 per cent of the boron 
boion bonds had been bioken The decomposition, though producing tri(dimcthyl- 
amino)borane, B[N(CI I as one product was obviously not straight-forward since 
methane w.is obtained m sigmlicant yield indicating paiallel hssion est the carbon- 
nitrogen bonds biirtbermoie, mfia-ted studies on the liquid product also indicated 
iiaees ol ,a compound containing boron hydrogen links although the yield of this 
ei'inpound was so small as to pieclude its isolation (Its presence will of course affect 


Tahii I Thikmai oi c omposition of ii i ka(oimi no i amino)uiboron 
(Quantilics expressed in mmoles) 


1 xpenment No 

1 

2 

t 

4 

B.tNMep, used 

0 84 

0 92 

0 84 

0 92 

Eempcratcirc ( C) 

200 

300 

too 

300 

Lime (days) 

4 

4 

16 

24 

Hydrogen removed | 

001 

0 06 

trace 

0 00 

Methane removed | 

001 

0 12 

0 17 

Itiinclliylamine removed 

0 03 

0 It 

0 03 

0 02 

Hydiogen on alkaline 

hydiolysis of liquid residue 

0 76 

0 76 

0 67 

- 

Recovery of B B bonds ("„) 

92 

83 

80 



'X K Hoi LiDAY and A O Massiv, Chem Revi 62 <1962) 

'R I Brophirion, A L McCloskiy and H STUNBERCi.y 4iiici Chem Soc 82, 6242 1 1 960) 
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tlic estimation, bv .ilk.ilinc liydiolysis, of boron boion bonds m the decomposition 
priuiiiets tlioLigh to a negligible extent) 

It It. IS been lepoited that letia(dimethylamino)diboion is not aliaekcd by oxygen’-’, 
bill on lepealing the woik uiidei moic i|Liantilali\e and moic \igoioLis eonditions 
we (iHind .1 complex leaclion In some expei imenls dimcthylaininoboioxole, 

I liONtC’H .ind ti i(climi.thvlamiiio)be>i ane vveic foimecl as might be expected 
horn jxieiioiis noik iisnn: the tctia-alkox\chboic>ns 

H.lNtrild,!, U). >inN(CH,),l, , \fB()N(CH,),L 

Howlmi only \xhsn ilu till a(dmaLliiylammo)diboion was m a huge cxeess (Lxpt 8, 

I .ible 2) weie lo.iction lalios oht iineil whieh appioxim.ited to those demanded by the 
cqii ition but exeii tlieii sidy le.iclions .ilso prodiieed methane, hjiliogen .iiid climethyl- 
.miiiK TInuigh the simult.iiieoiis pusoneC ol amines .iiicl e.iibon dioxide m some 
expeimieiils caused dilliciiltv in obt lining acein.ite xohime d.it.i the lesiilts clearly 
showed amotmls ol fiee amine which could not be explained away by acixentilious 
h'ydioKsis the st.iiting mateiial b\ w.itei occluded in the gl.iss walls ol the leaclion 
\essel el the sm.dl .imouiils ol amine isol lied m the decomposition expeiimenls The 
piescnce ol hxilioiien m the g.isi.<nis isroducts suggested the .mime max h.ixe aiisen 
fiom .1 leMellon ol the type 

CM, 

H N H. ► B M (CII,),NII 

Cl I,, 

but subsee|iient cxpeimieii's sluiwed hxcliogcn did not leaet with teti.i(dimclhyl- 
amino)diboion midcr tiiese eonditions cl the le.iction ol diboion telrachloi ide and 
hxdiogeii The icaetion piodiiel-. e irbon monoxide .ind c.ii bon dioxide indicated 
that oxidation ol the oig.ime ni.iteii.il w.is t. iking pl.iee 

Cllj (), «CO Cth 11,0 

Wate'i foimed m this w<iy would ceil.iiuly explain the isolation ol climethvlamme 

B -N(CH,), H,() ► B Oil IINICH,), 

but the meeh.inism by vxhich .iinmoma and mono-methv hniiine .ippeai <is products 
remains obscui e 

Cither diboron compounds showi rein.irkable activity towaids nitiie oxide'” 
However tetia(dimethylamino)diboion reacted only sluggishly, and incompletely, at 
200 to produce nitrous oxide, diiTieth>lammo boroxole and tri(climethylainino)boiane 
piesunitibly accoiciing to the ec|iiation 

Bi[N(CH,),] 4 2NO >Np , ifBCJNiCH,),], B[N(CH,).], 

The incompleteness ol the reaction and the extreme vol.itility ol the mtiic oxide 
precluded a ciuantitatixc study of the system 

rihyicne leacts smoothly at low temperatures with the diboron tetrahalidcs'” to 
produce 1,2 bis(dih.iloboryl)ethanes, XjBC_,H,BX^, X Cl oi 1 I thylene did not 
react with tetrd(dimethylammo)cliboron at 200 , nor did the two leact at loom 

O’ R I Broiihrion A t MiCioskiv, J L Bikini and 11 M MANAsrxii.y 4riic’i C/ii’iii Soc 82, 
6245 (1960) 



Some reactions of tttra(dimethyldmino)diboron 


177 


temperature in the presence of boron trichloride The decreased reactivity of tetrafdi- 
methylamino)diboron towards the 77-bondcd donor molecules oxygen, nitric oxide and 
ethylene (as compaied to tlie diboron halides) is no doubt due to substantial “back- 
donation” of electrons fiom the nitrogen atoms into the vacant 2 y;-orbitals of the two 
boron atoms Such an effect would inhibit a reaction involving an intermediate of the 

X X 


IS - j 

\ mull ' postulated to occui in the reactions ofclhykiie, oxygen and 

' ’ B < i Y 

X X 

mtiie oxide with diboron tcliachloride 

The attempted nuoimation 01 chloi mation of ti tia(dimcthylammo)diboron using 
phosphoius (III) ehloiide, antimony (III) lluoiide, iodine pentafiuoi ide and tin (IV) 
ehloiide gave mvolatile moistuie sensitive solids and liquids hut no volatile com- 
pounds When excess of sulphur ehloiide pentafluoridc, ST3CI was used boron 
liilluoiide was pioduced, ehloime and sulphui tetraniioiide b^mg isolated as by- 
pioduets 

Although ti ans.immation leaelions occur with sevcial amines meludmg mono- 
cthvlamme,'-’ little 01 no exchange occuired between tetra(dimethy!ammo)diboron 
and ammonia even at loom temperatuie thus allowing studies to be made on the 
dihoion compound m lieiuid ammonia Hovvevci, the hope that useful substitution 
icagents. such <is K B[N(CH might be made was shoit-lived . potassium or sodium 
did not cleave the boion boion bond m liquid ammonia 78 ^ 

hXPbRIMI N r AL 

Viilalilc compounds were handled m convcniional vacuum sysicms products which were 
moisture scnsUive weic handled ma dry-box Qu intiues given below are expressed in mmesics 
unless olheiwise slated 

W'e lliank Boiax Consolidated Hd loi ihc sample ol (elia(dimeih)l.imnio)diboron On hvdrolv 

willi 10 per cent e.uislie soda at KM) 2)5 I mg ol the le'lia(dimeth)lau .no)diboron (' ')S8) pro- 
duced I 0)6 mmole ol hvdiogeii in S S hr, I 182 mmole m 10 5 hr and 1 188 mmole at llio end of I S 5 

III 

lpdrol)sis ol the tell a(dimeth> lamino)diboron someiimcs pioduced small amounls of ammonia 
mixed will the dimelhylamme the inlia-red speeliuni ol teiia|dimcthvlamino)diboron showed no 
N It bonds whilst analysis showed us puiity approached 100 per cent A tuilher unexplained fact 
noted m ihc liyeliolysis was that moie v igorous condilions ( I S hr at 100 120) were reejinrcd to pi oduee 
the e|u inlilatixc amounl eil hvetiogen on hssion ol ihe boresn boion bond w nh 10 per cent eausue soda 
when compared les diboron teliaehloi.de, which requiicd ) hr at 70 Roth compounds iniliallv 
pi oduee sub-bone acid which is iheii oxidised to boric acid 

B,(0H)4 21bO.!-^>, 2WOH)j 11. 

Huh /iiiii Mir/i /ni/ifguvi 

Tetia(dimclhylamino)etib ro.i (0 71) anel hydrogen (1 2')) weic heated m a sealed lube at 200 for 
48 111 I ho volatile products weic hydrogen (I XO) and dimcthylamme (0 04) An infra-red study ot 
the remaining liquid showed it to be pure lelra(dimelhylamino)diboion 

R( (U Hon Hii/i ox n'<vj 

The expciiments, conelueled at 200 TOO in sealed lubes, arc siimmari/ed in T.ible 2 C ombustion 
and intia-red analyses showed the non-condensable products to be hydroqcn methane and some- 
times, eai bon monoxide 1 hematcnalvolatileal 78 was mainly dimethylaiinne varying proportions 
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o( nioruimcllivlanimc arul ammonia wlh, also present If a large excess of oxygen was used (Experi- 
ments 1 2 and 1 earbi>n dioxide and nitrous oxide eoiild also he dctceled in the 78 ’ volatile fraction 
When oxygen letia(dimethylamino)dihoron ratios of about I I were used, large colourless 
eiysials identified b) their volatility and inira-ied s[yeelrum as dimcthylamino boroxole [BONlCHjljJj, 
1 01 med on cooling the tubes to room tcmper.ilure inira-red spectra ot the liquid residues also revealed 
the preseiiec (d tri(dimethvlamino)boianc Reaelion ratios greater than 1 I produced non-volatile 
tai-like inateiials mdieating extensoe oxidation e>l the organic material 


r Mil I 2 Rimiion oi n i HAtoiMi Illy I aviino)i)iiiokon wnii owe. in 
(Ouantilies cxpicssed m mmoles) 


1 xpcrimcnl No 

5 

tl 

7 

8 

9 

It) 

11 

12 

13 

H.[N(C H taken 

0 S9 

1 01 

0 81 

1 19 

1 08 

0 92 

0 66 

0 44 

0 16 

1 empci ituic ( t ) 

200 

21 K) 

2(K) 

100 

100 

1(X) 

100 

100 

200 

1 ime (days) 

a 

4 

16 

1 

1 

1 

6 

1 

10 

Dxvecil added 

1 1 1 

1) 90 

1 06 

0 ts 

0 81 

1 01 

1 25 

2 19 

1 94 

( )x\ ”c n I cs o\ eicd 

0 74 

0 00 

0 00 

0 00 

OCX) 

OCX) 

OOO 

0 25 

0 15 

Non-eoiidi. usable "as leinoyed 

0 (X) 

0 04 

0 0,8 

0 1 1 

0 1 1 

0 06 

0 13 

0 18 

0 19 

78 Volatile mateiial lemovcd 

0 16 


1 10 


1 18 

- 

1 19 

0 95 

0 43 

Hydroceit on alkaline 










hyiholvsis ol liquid lesidues 

0 00 

0 00 


0 61 

0 (X) 

0 00 

0 OO 

0 00 


Ratio O. l5JN(fTI,)J, 

0 bh 1 

0 87 1 

1 1 1 

0 58 I 

0 77 1 

1 1 1 

1 9 1 

40 1 

‘iO 1 


R( III lion M nil mil H o\iih 

I ell ifdiniellnl tnnnoldiboron (0 86) .titel mine oxnle (1 01) wcic held at 200 lor 48 hr Nitric 
and nitioLis oxiiles (0 86) wcic ics'encrcd alkaline hvdreilysis ot the hipiid residue indicated that 0 65 
mmoles ot Ictratdimctln lamino)dibe'ron lemaincii uiichani^ed Other similar experiments showed 
tile pie'scnee ol small imoLints eit dimetlnlaminoboroxole aiivl ti i(elitnelhylamino)boiane in the 
re.letion jsiiHluets 

Ri ill linn niRi i llnh'iio 

Lthyleiie was rceoyeicd in over 40 pei cent yield when heateel with telia(dimethylamino)diboron 
at 200 tor 48 hr no ethylene take'-up was detected when the two weic held at loom tempcraluic in 
the presence ofbinon (iiehloiide foi three el, tys 

Real Hon wuh atiitnonin 

Tetia(dimcthylamino) diboron (I 00) and ammonia (7 12) were held at retom temperature lor ten 
days in a sealed tube At the end ot this tune 7 16 mmole t'l ammonia containing only a trace ol 
dimeihy la mine, weie recinered Micro- and inira-rcd analyses of the remaining litjuid residue showed 
It to be unchanged tetra(dimclhylamino)diboion 

Riailion link \ulpkiir ililoi ide pi’nliiUnin nk’ 

Sulphur chloride pentafluoi ide (0 70) and (ctia(dimethylamino)diboron (1 14) were allowed to 
warm up slowly Irom 196 Just below room temperature a vigorous reaction produced an invola- 
tile liquid and a little thionyl fliioride, SOF,. Alkaline hydrolysis at 100 lor 10 hr produced 0 32 
mmole of hydrogen showing that extensive cleavage of the boron boron bond had occuricd Fxperi- 
mcnls conducted at room tempcratuic with an excess ol sulphur chloride pentafluoi ide produced 
boron Irilluonde sulphur tetralluondc and chlorine as the products volatile at 112 , traces ot 
sulphur dioxide where retained by the 1 12 trap The involatilc liquid residues contained no boron- 
boron bonds The lack of boron trichloride in the volatile products prompted a study ol the system, 
boron trichloride sulphur chloride pentafluerridc, no reaction occurred at room temperature 

Ackiiowlccl^cnunl Wc thank the Imperial Chemical Industries and British Titan Products for 
Fellowships 
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SYNTHESIS AND ALKYLATION OF [Fc(CN)AC5H,)(CO)] , 
[Mo(CN),(QH 5)(CO),] , [W(CN)AC,H0(CO),] ^ 
and [W(CN)(C,H5)(C0),] 

C Euglni Coi I I Y 

explosives Dept , L I (Ju Pont dc Nemours & Co , Wilmington, Delaware 

Abstract- [he(CN),(CaE)(CO)] was best prepared by reacting [FeBr(C,,n,,)(CO)2] with potassium 
cyanide in aqueous ethanol Two other syntheses were also lound Alkylation of the anion with 
alkyl halides gave two senes of isocyanide complexes neutral [Fe(CN)(CsH,,)(COKCNR)] and 
cationic [rc(Cr,Ilr)(CO)(C NR)] ' The reaction ot potassium cyanide with [WCKCiHjXCOlj] gave 
(W(CN)(C,H,)(C0)3] and KlW(CN).(C,H,)(CO).], [MoCI(C,H JfCOj] gave only K[Mo(CN). 
(C ,HT(CO),] Alkylation of the tungsten monocyanide complex with methyl iodide gave the iso- 
cyanide complex [W(C,1 lr,)(CO)i(CNCl li)]I and alkylation ol the molybdenum dicyanidc complex 
gave [MotC-,Hr,)(CO)XCNC Haijll Attempts to lorm other cyclopcntadicnyl earbonyl cyanide 
complexes were unsuccessful 

Tnr union of metal carbonyl with arcnc-mclal chemis.lry has produced a fertile area 
of mixed ligand chemistry However, little attention has been given to arcne-carbonyl 
complexes m whieh one or more carbonyl ligands ate replaced by carbonyl-like ligands 
In paiticular, no arenc-carbonyl-isocyanidc complexes and only one aVene-carbonyl- 
cyanide complex*-' have appeared in the literature 

This paper icports the synthesis of lour cydopcntadienyl-carbonyl -cyanide com- 
plexes of iron, molybdenum and tungsten and the alkylation of these complexes to 
isocyamdc complexes of two kinds 


RtSULTS 

C Vdiio-c] chpcniadicin /-cat hoin I complexes Potassium dicyanocyclopentadieny I- 
caibonylnon (II) was best obtained through the reaction of potassium cyanide with 
hiomocyclopcntadienyldicarbonyliron(ll)*-^* in aqueous ethanol according to (1) The 

[FcBr(C,H 5 )(CO)J 2KCN > K[Fc(CN)^(C 5 H,XtO)] CX) KBr (I) 

complex also resulted from the oxidation of l-)(CX))]*'‘' with biomme 

A thud loutc was aflordcd by the reaction of potassium cyanide with cyclopcnta- 
dicny Idicai bonylironctiloiomercuratc(ll)*’'’ as shown m (2) 

hg('l[fe(C,H,)(CO),] I 2KCN^^K[Fe(CN),(C,H-,X(XT)] Hg CO -KCI (2) 

riie potassium salt o( the complex is stable m an \eiy soluble m watei and spar- 
ingly soluble m polar organic solvents Aqueous solutions ol the complex gave in- 
soluble piecipitatcs with silver nitrate, mcTcuric cliloiide and climethyltin dichloride 

Two recent reviews discui-. .ucnc-mctjl complexes (a) Ci Wii kinson ,inJ 1 \ CoiioNin/’n;- 
'/( ss /// /wi/ era, c/, (f [jy 1 A Col ion) fntcisciencc New >oik(19S9) pp 1 124 
and (b) 1 O l-isciiiR ,ind H P 1-rit7 in Aduums in Inoii^aim C lit tiii'.ii \ mul Radtoclu iiiisli \ 
llditcd by ft J Emuius and A G Sharpi ) pp 5^-115 Academic Piess New Voik (19S9) 

I S Piper and G Wii kinson, J Imn v jximl chem 3, 104 (1956) 

B f Hvilam, O. S Mills and P L Pauson, y Inoii^ IXIik/ CIuiii 1. tn(i 955 ) 

I C Thomas Unpublished woik 
' ' -f C Thomas, US Par 2849471 
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AcidiliLcilion of .K|iicoiis solulions of (he complex piCLipilatcd the somewhat air- 
scnsiiive paieiit aeid nff-e(rNK(r.Hr)(C'0)] Tiie ammonium salt of the complex 
\sas prepaied hy passing anhydunis ammonia into a solution of the complex in 
ethanol 

Potassium cxaniile icaeted witli an ct|uimoIai quantity of [\\'CI(Cr,Hr,){CO),] m 
.ujueoLis niLthanol to piotkicc tlic monocyanide lomplex as shown in (3) The 

[ACI(C',H,)(( ()),] kCN MW(CN)(C,H-)(CO),] i KCI (3) 

L oi I espondmg molybdenum monoeyanide complex coukl not be isolated fiom the 
pioducisol the leaction of [MoC l(C -1 1 ,)(f f A,]*'* with potassium cyanide Hovvcvei 
with t\so moles ol potassium cyanide the chloro complexes of both tungsten and 
mol\bdi.nuni reacted as shown m (4) 

[MCKC ,!!,)(( ()),] 2KCN > k [M(CN K(C,H,)(CO) ,] KCI | CO (4) 

fhe tungsten monocyamde complex was photo-sensilixe but stable to air and 
watci It was shov\ n to be monomei ic in benzene and a non-clcctiolyte in nilroben/cne 
l3oth the molybdenum and tungsten dicyamdo complexes were obtained as xciy 
hygtoseopie yellow powdeis which weic diHicull to fiee of solvent Their identification 
icsis <m the mfiarcd spectra and the convcision of the molybdenum complex to an 
isocyamde dei native' (below) which was easily cliaractci ized 

Although [Co(C-,ll d(t was lead ily attacked by potassmm cyanide, appaiently 
piodttcing KfCo(( N)(C. Hr, )(CO)|, we were unable to isolate the product m a pine 
state Sill pi isuigly the complexes [MnfCI I i)(CO),] and [Ci(C O), ( mesitylenc)]''’ 
weic not attacked by potassium cyanide m refluxing aqueous ethanol 

1/A \hiiioii icactioiis Alkylation of K[F'c(CN)4C.H-)(CO)l was carried out with a 
vaiicty of alkyl bromides and iodides Alkyl chlorides icacted loo slowly to make the 
reaction piaclical and aiomatic halides did not leact at all Alkylation of the liingsten 
and molybdenum complexes was attempted only with methyl loiiidc 

Refluxing the complex iron salt foi several lioiirs m acelromtiile with an equimolai 
quantity of alkyl halide gave monoisocyanidc complexes accoidmg to (5) This 

K[Pc(CN),(C,H-,)(CO)l KX->[Fm(CN)(C,H,)(CO)(CNR)] | KX (5) 

reaction was carried out with R — ally!, benzyl, /7-chloroben/yl, /?-carbelhoxybenzyl 
and ti iphenyl-mcthy I These isocyamde complexes wore insoluble in water but soluble 
in organic solvents Air oxidation of the complexes occiiired ovci a period of days 
butthecomplexeswere immediately decomposed in solution by base, and cyanide ton m 
particular, with liberation of free isocyamde 

Alkylation of the iron complex in acetonitrile w ith excess alkyl halide gave cationic 
diisocyanide complexes as shown m (6) Complexes were obtained with R methyl, 

K[Fe(CN)/C,H-,)(CO)] ' 2RX > [Fe(Cr,Hr,)(CO)(CN R),]X k KX (6) 

allyl and benzyl These ionic complexes were soluble in water and polai organic 

T S PipiR, h A Coiios'andG Wii mnson, J Inott; Niiil CJiciii I, 165(1955) 

B Nioholls and M C XVuniNt,, /’/ <;r Client Soc 152 (1958) 
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solvents and had about tlie same stability to air and bases as the monoisocyanidc 
complexes The methyl and benzyl complexes had conductivities in water and 
niti obenzene which were consistent with the proposed lonie structure 

The tungsten complex [W(CNXC^H,j)(CO)J was methylated by methyl iodide in 
acetonitrile to give [WlCNGHJCCsH^KCO),] ' I " as a water soluble, photosensitive 
solid Attempts to alkylate K[W(CN)2(QHr,)(COt2] were unsuccessful but K [Mo(C NK 
was easily methylated to [MofC^HsKCOXCCNCH,).]! The molybdenum 
and tungsten isocyanide complexes were stable to air but rapidly decomposed in 
solution by bases 


DISCUSSION 


Two cyclopcntadienyl-cyanide complexes were known prior to this work Pipir 
and Wii mnson'-' made [re(CN)(C.Hr,)(CO)>] by treating [FeBr(C,H,,)(CO)J with 
potassium cyanide m ethanol and Thomas'*' prepared the monovalent iron complex, 
K_,[I'e{rN)2(C,Hrd(CO)l, by the reaction of potassium cyanide with [Fc(C'jH-j)(CO),], 
No cyciopenlatlienyl isocyanide complexes have been reported in the literature 

The attack ol cyanide ton on f FcBrlQHjKCOF] displayed an inteiestmg specificity 
In ethanol cyanide ion displaced the brcimide ion exclusively and the resulting 
imchaiged complex was inert to (or reacted very slowly with) cyanide ion In 50 per 
cent aqueous ethanol, however, both the bromide and one carbon monoxide were 
displaced, giving a negatively charged dicyano complex The latter complex was only 
slightly decomposed (to fcrncyanide) by ticatment with aqueous potassium cyanide 
at 200 lor 2 hr 1 his extreme icsistance to attack by cyanide ion can esniv be partially 
explained as a consequence of elccliosiatic repulsion between the two negatively 
chaiged reactants, the leaction of CN with [Cu(CN)_>] for example proceeds 
rapidly Possibly the explanation lies in the lelative 77-acccplor capabilities of Ct) 
and C N The cyanide ligand is a lessetlective rr-acccplor than CO and thus will tend 
to inciease the negative charge on iron and increase the amount of --bonding from 
non to CO Both effects would oppose displacement ol the last CO by CN 

1 he alkylation of cyanide complexes by alkyl halides is a well-known route to 
isocyamde complexes''" and has been of recent interest in this larobatoiy <'* "" Alkv- 
lalion ol [fe(C Nf^fC-H-JlCO)] proceeded readily and gave tw.v senes of complexes, 
neutral [f e(CN )(Cr,H-,)(CO)(CN R)] and cationic [Fc(cJl,)(CO)(CNR),] Methyla- 
lion of [VV(CN)(C\H-,)(C())^] and [Mo(CN),(C,H,)(CO),l vvas earned' out without 
diHicully Surprisingly, we were unable to methylate [W(CN),{C,,H.)(C O).] - (The 
reaction nuxtuie eontaincd [W(C,H,)(CO),(CNCH ,)]1. staitmg' miteiial ami cieeom- 
posiiion products) The isocyanide complexes prepared in this work are unique m 
having both cydopcntadicnyl and isocyanide ligands attached to the ccntial metal ion 
and the isocyanide complexes of tungsten and molybdenum appeal to be the first 
divalent isocyanide complexes ot these metals 

The complexes [Fe(CN)(C-,H,)(CO)(C'NR)] arc intcMcsting in that all foui ligands 
altached to iron are different It follows that these complexes must exist as cnantio- 
morphic pairs unless all of the mctal-ligand bonds are cciplanar No attempt was 


compiehcnsivc review of inelaf isocyanide compfexes is given by I M \i aiisia m Pitx^n \\ in 
^ ' ' lEdilcd by F A Coi ion) pp 28t-579 Interscience New \ork'(l9Sq) 

z HiLur In press Presented m part at the sixth International Conference on Co-ordination 
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niadL to separate optical isomeis in this uork, but one of the complexes described 
bclou, [be(CN)(C-H-)(CO)(CNCH_.C,,H,COOH)J, should be capable of resolution 
thiougli salt fiirmation with an optically active base 

Intra-rcd spcctia of the iron complexes provided a clear delineation between the 
three types of complex anionic, neutral monoalkylaled and cationic dialkylatcd 
Hands observ ed m the 20(10 cm ' legioii are given in T able I The characteristic bands 
of terminal metal caibon)'l, evanide and isocyanidc ligands fell m rather narrow and 
non-ovci lapping regions ol (he spectrum (The splilling of the metal carbonyl band 
m K[Fc(CN)_,(C\H.)(C())] must aiise from crystal eflects ) Infra-red spcctia of the 
molvbdciuim and tungsten complexes aic desenbed in the Expenmentai section 


I'miii 1 * IsfR\-Rii) iiwns (cm ') in 2000 cm rfc.ion 


Complex 

CO 

CN 

CNR 

Aiinmie 

K|Fe(CN>,(k .ll.ltCO)) 

l‘>50. 1970 

2080 


lIlbetrNl.iC H,)(CO)| 

1900 

2100, 2135 


Neuual 

[F-etCNKC ll,)(CO)(C NCH.CH ( H,)li 

1970 

2090 

2170 

[be(CN)(C,H,)(CO(CNCH,C„lb)h 

1980 

2100 

2185 

[TctCNKC ,H,)(C()(CNCH 1)] 

2i>K) 

2115 

2205 

[TetC N)(C,H,)(CO)(CNC H ,C, H,C()()C H,)] 

1975 

2105 

2200 

[ F e( C N )( C , f 1 , )( C O )(C N C H C3 H 4 C OOH ) J 

1990 

2110 

2180 

[1 e(CN)((',H,)(CO)(CNC(C, H ,),)] 

1990 

2090 

2140 

C <uionie 

[TdC ,H,)(C())(CNCH,),]1 

2000 


2200 

(Fe(C ,H,)(CO)(C NCH.CH CH,), JHi 

2010 


2200 

LFetC ,H )(CO)(CNCH,C„H.MBr 

2010 


2200 


* Spectra weic laKcn in KUi disc except where noted 

1 Spectrum ol Ihm film ol oil between KRr plates 

t Xin RIMbNTAL 

All materials were comnicreiaUv available unless otherwise noted Inlra-rcd spectra were recorded 
on a Perkin-Flmcr Intracord ’ 

PdiasMuin Dic\cin(>(: \ili>pcii!adicinlniibini\lli’nati’ (II) A cooled niixlurc of 35 4 g (0 100 moL) 
ol [tetC in 250 ml ol mclhanol was trcalcd diopwise wilh I f> 0 g (0100 mole) ol 

bromine I he resulting solution ol [beUrtC ,H„)<CO)j] was warmed to loom temperature, a solution 
of 50 g (0 77 mole) of potassium cyanide m 250 ml ol water was adilcd and the mixture was heated at 
reflux tor 0 5 hr The cooled mixture was filtered and the tillratc cvapoiatcd to dryness at reduced 
pressure I xtiaction of the residue with 300 ml ot hot etlianol and addition ot a large excess of ether 
to the solution gaxe 30 50 g of brown-yellow powder wtiich still eontamed some potassium eyanide 

RccrystalliAiUon of a sample ol the powder horn ethanol gaxe golden brown crystals soluble in 
water and insoluble in chlorolorm 7 be solid complex was stable in air for weeks, but in hot solution 
It was noticeably oxidi/ed in a tew minutes (bound C,40 6, 11,2 12, N,1185 Calcd for C kH'jN. 
ObeK C, 40 0, H 2 10, N, II 68‘’„1 

This Complex was also made by the following method A mixture e)l 14 2(0 040 mole)of [re(C,,Hd 
(CO)dj and 20 8 g (0 32 mole, 1(K) per cent excess) of potassium cyanide in 3(X) ml of mclhanol was 
refluxed for I 5 min and then cooled and a solution of 6 4 g {0 040 mole) of bromine in 50 ml ol metha- 
nol was added dropwisc The mixture was stirred for 15 mm and then hltered and the hltratc 
evaporated at reduced pressure rxtraction of the residue with hot ethanol and addition of excess 
ether gave a 45 per cent yield of the crude complex 

W E Catun and J C Thomas, [/ S' Pa/ 2810736 
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The complex also resulted from reaction (2) A mixture of 11 55 g (0 028 mole) of HgCI[Fc(C^H,,) 
(CO)J and 8 g of potassium cyanide in 150 ml of 1 1 ethanol -water solvent was refluxed for 0 5 hr 
During the reflux period, the complex slowly dissolved and gave a red-brown solution The cooled 
solution was filtered to remove 5 40 g (94 per cent of theory) of mercury Isolation of the complex as 
in the preceding examples gave a 65 yield of crude complex 

Hydrogen dnyanoryclopentailienylcaibonylferralc (II) Addition of concentrated hydrochloric 
acid to a cooled, filtered, aqueous solution of K[Fe(CN) 2 (CiH,,)(CO)] precipitated the complex acid 
as a yellow microcrystalline powder Recrystallizalion from cthanol-elher gave dark yellow needles 
which darkened somewhat but did not melt at 250 (Found C, 47 64, 1-1,3 33, N 13 41 Calcd 
lor C„H„N,OFc C, 47 56, H, 3 00, N, 13 88"„) 

dinmoniiini chcyanoiyclopcntadienylcaihonylferrale (II) Addition of excess ether to a hltcrcd. 
ammonia saturated, cthanolic solution of H[rc(CN)..(CiH 5 )(CO)J precipitated the ammonium salt as 
a vellow, microcrystalline powder Recrvstallizalion from ethanol -ether gave yellow crystals soluble 
m water, alcohol and polar organic solvents but insoluble in ether and benzene This salt is more air- 
scnsitivc than the potassium salt, but it is also more convenient to use since it is easier to purify and is 
much more soluble in organic solvents (Found C, 44 05, FI, 4 14, N 19 34, Fe, 25 53 Calcd 
lorC„H„NjOFe C,43 87, H 4 14, N, 19 19, Fe, 2548';(,) 

Potii\Miini t/ili>ioc\i/openra(jicn\llncailH)n\/lung\lalf (II) lollowing Fisriini"-’. a mixture ol 
lilhiiim ryclopcntadicnidc (0 1 I mole) and tungsten hexacarbonyl (0 10 mole) in 300 ml of dimelhyi- 
(ormamidc (diied by passing over Lmdc Molecular Sieve” 5A) was slowly heated to 100 and held 
there lor 2 hr To the resulting cooled solution of 1 i[W(C,H,)(CO) 3 ]. under nitrogen, there was added 
300 ml ol water 5(X) ml ol ether and 7 ml ol acetic acid, precipitating light yellow air sensitive 
1 IIW(C ,H0(CO),] Addition of 30 ml evt carbon tetrachloride to the stirred mixtuic caused the yellow 
piccipitalc to disappear within 5 mm and the red colour which developed was extracted largely into the 
cihtr phase The phases were separated and the water layer washed twice with 100 ml portions of 
ether and then the combined ether phases were dried over sodium sulphate Tvaporation of solvent 
gave a brown residue which wus taken up in 150 ml ot acetone and stored with activated charcoal for 

0 5 hr at room temperature Addition ot water to the filtered solution until a solid appeared on the 
sLiilacc lollovvcd by cooling overnight at 0 gave deep red crystals mp 160 (du ) A second crop 

01 crystals liom the mother liquor gave a total yield to 28 8 g (78 per cent) (Found C, 26 07 H, 

I 38 Calcd for CdF.OjC IW C 2608, H, 1 36"„) 

I his procedure which is an adaptation of f is( iitRs's"''' preparation ol I i[Mo(C,FI ,)(CO) 3 ) and 
Wii KiNsoN s" ” oxidation ol the lithium salt to the chloride, also gave [MoCKC.Fl .MCD),) in 80 per 
cent yield Attempts to picpare [C rCI(C,,H ,)(CO)j] by this method were unsuccessful 

Potas'.ium dnv(inocylopenlacii(iukli(arh(>in/niol\Malc' (II) A solution of 7 g (0 025 n3ole) ol 
I Mo( KC'.H ,)(CC>),] and 3 30 g (0 051 mole) of potassium cyanide in 180 ml of methanol was warmed 
to rcilux and held there (0 5 hr) until no more gas was cvcilved About one mole of carbon monoxide 
was evolved per mole of complex The cooled solution was filtered and the residue washed with 
meihanol Fvapoiation ol solvent from the combined filtrates lett an oily mixture of w hitc and yellow 
solids extraction ol this residue with 2(X) ml of ethanol and evaporation of the solvent gave 60 g 
180 per cent) of yellow powder after washing with ether and drying in laciio The powder was very 
hygioscopic and good analytical data were not obtained An inira-red spevtrum showed o.oad metal 
carbonyl peaks at 1875 cm ' and I960 cm ' and cyanide peaks at 2060 cm ' and 2090 cm ‘ in 
vgi cement with the proposed structure 

PnfinMiiiM du \(in<K^<lopcni(uln mUhcaihomllungslale (II) Application ot the preceding pro- 
ce'J'''c to [WCl(C',H,,)(CO) 3 ) gave a yellow solid Chromatography of an ethanol solution of the 
mixtuic on alumina gave two bands, one eluted by ethanol and the other eluted by water The 
ethanol band contained the monocyanide described below Fvaporation of solvent from the water 
’ band gave a yellow residue which was taken up in ethanol The solution was liltered and then evapo- 
rated to a yellow powder which was washed with methylene chloride and dried iniaiuo This material 
was also very hygioscopic An infra-red spectrum showed metal carbonyl bands at 1 860 and 1950 cm ' 
.ind an incompletely resolved cyanide doublet at 2085, 2l(X)cm ’ Except for the smaller splitting of 
ihc cyanide bands, the spectrum (from 2 5 to 15 /<) was very similar to that of the analogous 
molybdenum complex 

( Mmotydopcnludienyltncai boniltungslen (II) A stirred solution of 37 g (0 10 mole) of [WCI 
(C r.H )(CO),] in 200 ml of ethanol was brought to reflux in a flask shielded from light and then a 
solution ot 7 g (0 1 1 mole) ot potassium cyanide in 25 ml of water was added dropwise during 0 5 hr 
> About 0 016 mole of carbon monoxide was evolved during 1 3 hr at reflux The tooled solution was 
evaporated to near dryness and extracted with chloroform Chromatographing this solution on 
alumina gave a yellow band eluted by ethanol Evaporation ot solvent and crystallization of the 

F O Fis< HER, W FIafnfr and FI O Stahi,Z Anoit; Cheni 287,47 (1955) 

T S Piper and G Wilkinson, jVt7(t/rH'iijerc/ia//en 42, 625 (1955) 




IK4 Cl uciiNi Com \ 

rcsiJiie (mill cfiloro/orni pctmleuiii ciJici iind ihcii fmm bcii/cnt gtuc ordiigc, (iglK scnstive crysidls, 
111 p 2() I 5-202 An iiitra-i(.d ^pn.ll uin showed iiicUil c.ii bonyl bjiiJs .It 1970 Lin ' (t’O Jnd 2060 tm ' 
(s| .ind .1 LV.inidL band .0 2120 em ‘ {iii) Tiicn>mplc\ w.is .1 non-clectrolylc iii nitroben/ene (I ound 
C ^OIS H 1 40 N,4 1l W 51 10 mol wt 377 in btn/enc C'dled lor CuH ,NOjW C, 3011, 
H 140 N 3 90, VV 5(21",. mol ul 359) 

( u Ic/H iil(Htit’inliiiih(iinl-his-{nicili)l isoi\tmuk')iion (II) uulnlc A iiiiAtiirc ol 4 8g (0020 mole) 
ol K [fcIC N ) (C ,H .)(C’<9)1 and 30 ml ol methyl iodide in 150 ml eil aee'loniti lie was iellii\cd lor 20 hr 
The resLiltmg solution was liltcred and evapoiatcd to dryness under reduecd piessiirc Alter taking 
the residue up in inetlnleiic ehlondc the solution was (ilteted and esecss peti oleum ether was added to 
pi eel pi tale 5 4 g ( 75 pel ee ill yield) ol yellow powdei Reeiyslallization li om eliloroform hexane gave 
small yellow el ystals m p 220 1 (dee) soluble in water and all but least polar oi game solvents The 
eomplex h.ul a molai eoiidue lanee eil 91 in watei (23 , 1 00 It) •* mol.ir) but the odour evt isocyanidc 
ovei the solution showed tli.it some deeoiiiposition li.iel oeeuiie'd In nitreibcnzene the meilareon- 
diietanee w IS 28 I (23 I yu 10‘molai) (round C 33 25 H, 3 16, N, 8 1 1 Calcd lor 
C ,„M,,N,01 el C 33 45 1 1 3 0) N 7 81 "„) 

( K liipi niiulu lull III hiiii\l-hu-((i!l\l uoi \ aiutU')iitm (II) hitniiide A mixtiii e of 7 2 g (0 0 30 iiieilc) ol 
k(l i(C N)_(t M,)(( ())) and 8 5 ml (about 0 I mole) ol .illyl breimide m 175 ml ol aecloniliilc was 
lellLixed loi 1 8 hr 1 he solution w as Idle led .ind ev.ijieirateel to elry ness and the rcsidii.il thiek oil was 
taken up in aeetoniliile This solution was lilteied execss clhci was added and the solution was 
.illoweel to stand about 4 hr until die oil eiystalli/ed Reeiyst.illi/.ition liom .icetoiiurilc elhei gave a 
35 |icr Lent yield ol yellow -hi own eryst.ds in |s I 10 I 3 , with a powciliil isoey.inide odour Hound 
C 46 3X 11,1 26 'N 7 62 C .tied loi ( ,,H, N_OI»i he C', 46 31, H, 4 16 N, 7 71",,) 

( \( liipinidclicinkcii huii\l-hu-{l,ui:\l uiji \tiiiiili'}ii (iiH\l) hi iwiiiU A niixtuieol 80g(0 33 nieilc)ol 
K(be(CN|.(< ,H KC 0)| ,ind 100 ml (about 20 per cent exeCss) ol beii/yl btomiele in dtX) ml ol aeeto- 
nitrilc vv.is lelluxed k'r 12 In and then eeieilcd, lilleied .md ev.ipoialed to diyness C rysl.illi/ation Irom 
aetioniUile ether gave an oil whieh eiysiallizcd e>n bt.iiidiiig Reeiyslallization fiom (he same solvent 
gave I12g(72pei eeiil yicldjol gokleii-yellow eiyslals nip 132 5-133 5 soluble in peilai solvents 
I he eoniple'x It.id mol.ii eoiiduet.uiecs ol 89 7 (0 995 10 ■* molai) 122(0 199 10 molar) and 1 2 1 

(0 3yH 10 " molar) m w.ilcr at 23 In niliobenzene the eonduelanvc was 24 6 (23 , 0 199 10 •' 
molar) (round C 57 05, H,4 10, N,5 91, he, 120 C aleel loi C .}) isNA>Brl e C,57 06, H, 
4 14 N 606 be, 12 1 '„) 

( iiMiii 1 1 h>pi fiuiihi’in lull hum H p-e«//« iliox \hcitz\l uoi 1 uuuli )iii>ii (11) A niixlure etf 2 4 g (0 010 
mole) t'l kll e(C N)3C H ,)(C(.))1 and 2 45 g (0 010 mole) eit /i-eaibellioxybeii/yl bromide in l(X) ml ol 
aeeioniti lie was lelluxed ovei night and then the sevlveni was evaporated .it reduced picssiirc Addition 
ol pclioleum ether tei a methylene ehloriele solutiein ol the residue pieeipitated oily yellow eiystals 
vshish vveie rcerysi.illized from methanol -water .is a inusl.ird-yelloiv powdei (50 per cent yield), in p 
166 166 5 The complex shtiwcd Ihe expected phenyl and earboxylie ester peaks in the inlra-red and 
was soluble in most oigaiiie solvents (I ound C,59 49, H,4 63, N,7 42 Caled lor Cistl,^N.OjTe 
C 59 36, H 443 N, 7 69'',,) 

f MiiHH \Lliipi/iiiiihiinluiihiiinHp-(aiho\\hiiiz]l iui()iiiiiih')ii<i>i ii\) Hydiolysisol thceslei group 
111 the pieeeeding complex was .leeomphshed by hcalmg at 100 in 0 4 molar hydrochloric aeid lot 
6 hr Alter this irealmcrit two-lhiids ol the eomplex had dissolved Isolation ol the aeid and reciys- 
talli/ation Irom ethanol water gave .i 52 per cent yiekl o( yellow crystals m p 167 5 168 5 An 
infia-red spcetruni showed a carboxylic .icivl (round C 56 52, H.404, N 7 76, be, 16 70 C'aled 
tor C,oH,,N,0,re C 57 17, H, 3 60 N 8 34, he, 1662",,) 

C [iiitnc ]( lopciiliKhi’iukiiihiiin l(p-< lil(iiohiii:\l isoi\iinule)noii (II) Reaction of equimolar quan- 
tities ol K[r e{CN).{C ,H,)(CO)l and /?-ehioiobenzyl bromide in aeetonitnie for 16 hr lollowed by the 
usual work-up gave yellow crystals contaminated vvith a tarry impurity Purification by chromatog- 
raphy of a benzene solution of the pioduel on alumina and reeryslallizalion of the major component 
!;ave yellow eiyslals, mp 113-15 (Found C, 55 10, H, 3 58, N, 8 60, Fc, 1692 Caled lor 
C, ,H,iN,OCIFe C 55 16, H, 3 40, N 8 58, Fc, 17 10".,) 

C yam>i\iliipeiil(uliernltarhon\Hli iphcn\htu lh\l uoc\tinule)iioii (H) A mixture of 2 4g (0 010 
mole) ot K[Fc(CN)j(C H,)(CO)] and 3 3g (0 010 mole) of triphenylmethyl bromide in 75 ml ol 
acetonitrile was refluxed for 16 hr Evaporalion ot solvent IcU a glass which was extracted with 
methylene chloride and precipitated with petroleum ether Reerystallizalion from methyl ethyl 
ketone-petroleum ether gave a 50 per cent yield ol yellow brown eiystals, m p 181 3 (dee) (Found 
C, 73 33 H,479, N,611 Caled lor C„H,„N,Orc C, 72 98, H, 4 54, N, 6 31 ^,) 

C \anoi. yilopcntadienylciirbonyKhenzxl iwt\anidc)iioii (tl) 1 his complex was obtained as a brown 
oil by the reaction of equimolar quantities of K[Fe(CN)..(C,Hs)(CX1)] and benzyl bromide in aceto- 
nitrile followed by the usual work-up The identity of this and the following complex rests on the 
infra-red spectra (sec Table I for the 2000 cm ' region) since they could not be purified by rccrystal- 
lization or distillation 
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C )an(n \ ( lopciUadieii \ Icai hon\ Kail) I i\ocyamdc)iion (II) This complex uas obtained as a viscous 
brown oil from the icaction of eqiiimo/ar qitanlilics of allyl bromide and K[fL(CNh(C\HJ(CO)] 
followed by the usual work-up 

C \ ( lopcnnuhcn) hat boa) l-his-(ittelh) I i\oc\aiude)tnoi')bdenuni (II) atdide A mixture of 3 1 g (001 
mole) of K[IVIo(C N).(C, Hr, IfCOfJ and lOnil of methyl iodide in 100 ml of acetonitrile was refluxed 
overnight The resulting solution was evaporated to dryness and the residue was extracted with hot 
mcth)rene ehloiidc Addition of petroleum ether precipitated a yellow powder which was rcprccipi- 
I lied from acetonitrile by addition of ether to produce a mustard yellow, microerystalline powder, 
111 p 180 2 An inlia-red spectrum showed metal carbonyl bands at 1945 and 2(XX) v.m ' and an in- 
completely resolved isoeyanide doublet at 2185, 2200em ‘ (bound C, 30 94, H, 2 80, N, 6 57 
Caled loi C,,lli,N.O,IMo C. 3100, H, 2 61 , N,6 57“;,) 

\i|cmpls to alkylate K[W(CN)j(rr,H,,)(CO).] by this procedure gave only small yields of the 
moiK'isoc'yanide complex described below 

( \tlopi/tfaduii)lli icailwiDliimlb)/ nocyanulcllimyslcn (II) lodulc A solution of 5 g of [W(CN) 
l( ,1 1 ,)(tO)i] and 50 ml ol methyl iodide in 100 ml ol acetonitrile was refluxed for 14 hr in darkness 
I he cloudy solution was then lilteied and evaporated to 5 2 g of residue which was taken up in ehloro- 
loi 111 ,\nd ehi omalogiaplied on alumina 1 thanol eluted a band eon taming 4 25 g of starting complex 
\ second h ind remained on the column and was temoved manually rxtiaetion of the second band 
w illi aee'onili lie and piceipitation w ith ether gave 041 g of light sensitive, yellow powder which melted 
,il 15^0 15(2 with gas evolution resolidified at 158 and remcltcd at 191-5 (dee ) The )ield, 
b.iscd on 0 75 g (0 (X)2 1 mcile) cvf starling material, was 39 percent An infra-icd spectrum showed metal 
c uhon> I bands at 1985 cm ' Os) and 2080 cm ' (v) and an isoeyanide band at 2230 cm Mw) (bound 
( 2(76 H t 72 N 1 24 W, (642 Caled lor C,i,HsN(9,lW t , 23 97 H, 1 61 , N, 2 80, W , 
'6 70 ) 

■hliKiw/idpimiii) I he authoi is giatelul to Dr H M Ht nnxitn for reviewing the manuseripf and 
to l)i I A ( \i I ISON ansi Di W / Hi i or (or valuable discussions 
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REACTION BETWEEN METALLIC POTASSIUM 
CARBON MONOXIDE. THE PRECURSORS OF 
TflE POTASSIUM SALT OF HEXAHYDROXYBENZENE 

W. F. Sager, A Faiiadi, P C Parks, D G White and T P Perros 
D epartment ot Chemistry, The George Washington University, Washington, D C 

< Reccu'ed 27 June 1 962) 

Abstnet — Thermal mcasuiemcnts and magnetic susceptibility determinations have bti-n made on the 
highly reactive materials, with various overall compositions, that result when increasing amounts of 
carbon monoxide aie alk wed to react with metallic potassium These studies indicate consecutive for- 
mation of two diamagnetic solid products ot empirical formulae and KCO which form prior 

to the repotted hnal product, KsC\0,„ the potassium salt of hexahydroxybenzene Methylation of the 
compound KCO v\i(h methyl iodide leads to a product C.OjtMelj, resulting from the uptakeofi )ur 
methyl groups, Ivso bound to carbon and tsso to oxygen These results are indicative of a structure 
(O C C C C O)' , 4K ' for the iniermedialc KCO 

O O 

Many of the actisc metals of Groups f and II are known to react with carbon mon- 
oxide when dissolved m liquid .immonia Thus the reaction of potassium m liquid 
ammonia yields a very reactive catbonyl with the composition KCO, and this solid 
substance, when fieshly piepaied, has been described as pale red in colour and to 
decompose explosively when heated to about lOO^C*^’ Joanms'-’ suggested the 
totmulalion KjCjO_>for this substance, since when he treated it with water and acidified 
Ihc is'sultmg alkaline mixture, glycolic acid was isolated Accordingly, the following 
leaclion with watci w.is pioposcd 

K,C,CK 2HP ► HOCH.CO^K | KOH (1) 

Olim cubonyls ol the active metals prepared in a similar fashion include those of 
sodium barium,”' slronlium,”’ and lithium, rubidium and calcium Ml these 
polai compounds <iic rcpoi ted to undergo thermal decomposition to yield carbon plus 
ilic mdal oxide and carbonate, and no evidence lor the formation ofsalts of organic 
siihst.inccs \\,is obtained 

In unique coiitiast to the abc)ve mfoimation, potassium is the only alkali metal 
which has been repoiled to eombme diiectly m the solid state with caibon monoxide 
1 iiilhcimore, the couise of this rc letioii appears to be different from tliat occurring in 
lajuid ammonia solution, since the end pioduct is a relatively stable gray solid On 
icidilication ot this solid, hcxahydroxybcnzcnc was isolated, and for this reason the 
, lea tion pioduct was identified asthe potassium salt of hexahydioxybcn/enc, K,,C(,0(, 

I ally obseivcrs"’ of the behaviour of metallic potassium with caibon monoxide 

i ’ \ Ji.ANMs, C « /!((«/ 6(1 , ftiio 116, 1518 (189V) 

/J, ' \ JowMS ( A’ 4(m/ S</ , yvi/o 158, 874 (1914) 
af ■VI'' and Mlnihii, Bull Soc Chun fitiiuc 29, 585 (190V) 

ih ' (i Roi m Ri R, «;(// .Sac Chini Ti caicc 35. 71 5 (1906) 
f (i Pi ARSON Niituie honJ IVI, 166 (1933) 

I NnizKiand I BiNc.vism llti Dtsih dwm Ocw 18, 1834 (1885) 

' I I iiuR, 4 ))h 11, 182(18V4) B Brooh, 4Hn 113, 358 (1860) 
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H f Sm.ik \ / iinin. P C P (> ^ Pikhds 

noti.L.1 tJijt lliL cxinhcimiL process inxoheJ scvc/al stages Althou^li only the /iiial 
St ice u<is sub/LLted to LlicDiJcai ttr\Lsiig,itron the eluin^es iii appcaiancc lU) gi\e soive 
j/ikJintr ni thc steps ibnuigl] \\hn.l) (he /in<tl pioduLl is aeliieved It was obseived ih.it 
(he ('iigiiiaJly dull pidassmm surfaLC act/iined a hiilliaiit sil\et lustie jftei an nUeiv.iI 
of e\posuie to the pas AOer a period of tune the piodiiLt became pray, (hen deep 
black and the late orabsorplion mcieased as (he reaction neared completion It was 
also noted that when most ol the matciial had become black, a rapid and \ciy e\o- 
tlieimic leaction took place in which the black mass w-as con veiled to the giay 

Moic recently, Sih'shunoc has nnesligated the kinetics of the reaction ofcaibon 
monoxuie willi a thin him of potassium metal condensed m a vacuum on a coppei foil 
Altliouph imiuction pciiods wcie noted, absorption of carbon monoxide (securied 
c\cn at Icmpeialuies as love .is 18^ C Under these conditions K^Cj.O,, was said to 
be tile product at Icinper.ituies .ibove 170 K, but .1 pyiophoiic solid lesulted .it lower 
tempeiatures On the basis ot the lad that the lattei compound absoibed a tot.il of 
one mole of watei \apoui pei ioimula weight of KCX), which is in accordance with 
r qu.ition (1). Siii'SHi No\ has suggested the Ioanms lormula K_,CXO. loi this 
subst.uicc 

Oui initial study of the leadion of caibon monoxide with giamme qii.iiitities ol 
metallic potassium at oulmaiy tenipeiatiues .illowed us to m.ike the following .iddi- 
tional obseications If the potassium surlacc is de.m no induction jiciiod is.ipp.iient 
A consiiiciabic amount ol caibon monoxide .ibsiiit ten mole pci cent, is absoibed 
betoie the suilacc ot the m.iteiial loses its silceiy liistie and malleability There is, 
howetcr, c\tcnsi\c shiinkagc duimg this stage In .igreemcnt with piesunis obsei- 
vations,*''* the rate ol absorption is much gieatei when the temper.ituie is below the 
melting point ol the metal If the late of carbon monoxide addition is lestiicted to- 
ward the end of the icaction so that the mixtuie does not become too hot, the final 
change from bl.ick to giay does not occui and hcxahydi oxyben/enc c mnot be isolated 
on acidilic.ition ot the black pyiophoiic product 

The investigations to be described were uiidei taken to gam some iiisigiil into the 
various stages of this reaction and, m pai ticulai. to determine the n.ituie ol the matei lal 
with the silveiy appearance winch is loimed at the otitsel 

L\PI RIMLNTAL 

Matcnah C.nbon monoxide wax generated by the dropwisc addition ol foiinie .leid (l .ixtman 
Chemieal, pi.ieUc.il grade 90 per eeiil) (o a large execss ot eoiieenlratcd II^.SO, the proiliiet was 
puriticd by passage ihiougli eonecnli.iled I1_S(), aseaiile and P..O, traps Piioi lo eollcelion the 
tram was purged by allowing the gcneratoi to operate slowly ovei night, and the lorinie aeid was 
treed ol dissolved air by allowing sonic t() to p.iss upwaid through the dropping lunnel Hoih ends ot 
the generating tiain were protcelcd from (he almospherc by mercury seals I he gas was eolleelcd and 
stored in flasks on a vaeuum line whieh had been cv.ieuated to about 10 ■' mm pi 101 lo hlhng 

Potassium metal (Fisher Chemical) vvas vaeuum-distillcd with exclusion of mereuiy vapour into 
glass ampoules The melting point of a representative sample (see Table I ) was 63 45 C t he litera- 
ture value IS 63 7 , the piexenec of only about 0 I percent sodium in our x.implex couki .leeounl lor 
the difference 

1 her mal mcciMircinenls The equipment shown in Fig i was designed m order lodelermine the solu- 
bility, if any, of the K CO reaction product in excess potassium by mcasuiing its ctfeel on the 

V A ShushijNOv. Z/i hz Khim 23, 1322 (1949), F/uvn Ahui 44, 2833 (1950), M H NriMAN 
and V A Shusiiunov, Di>k/ AkuJ Nuuk SSNRtM, 1347 (1950), Chi-m Ahsii 45, 425 (1951) 

V A SmisuLiNOV, fiiu/y Komioii Anal Khim Akail Nuuk S'>SR 146(1951), (.hem Abstr 
47, 2623 (1953) 

'■“'S L WALiiRsandR R UnurK, Ancilyl Chem 18,468 (1946) 
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mcllint; point and fusion process of the metal A weighed amount of potassium (/ in Fig I) was 
introduced under high vacuum Irom an ampoule (then lemoved) into its Dewar-likc cell (H). which 
was attached to the vacuum line at (4) Reaction materials of known overall composition were 
prepaicd diicctly in the cell by admitting, through line (/ ), measured increments of C O gas Alter 
each addiiiori, a homogeneous material was obtained by melting and stirring it with the magnetic 
sill icr (7) lor anout 1 5 min 1 he silvered jacket ol the cell could be evacuated to the desired vacuum 



I 111 ough line I D) The cell its acccssoncs a thci momc'Icr ( R) w ilh 0 1 div isions, and bigli-spced 
si 11 1 Cl (C ) to insure Ilicinial homogeneity wcie sui loundcd by a shield ol aluminum foil (/ ) and placed 
111 a large Dewar jug ( A / ) filled with an insulated cover (/ ) The cevntents ol the cell were heated at a 
mill and constant late by means ol the tiny internal hlamcnt (A) povvcied by a parallel pack oi 
h lOei ic^ Any tempciaturc diflcicncc existing between that regiMcrcd by the ihermomeicr and that in 
Ills Tc iction cell could be measured by the ihrce-jimclion thcimopile (Ci) In order to compensate lor 
uiv heal loss tiom the appaiatus an cxlci nal heater (A ) m the Dewai jug was manually icgulated so as 
to maintain this tciiipciatinc dillcicnce within a lew hundicdlhs of a elegice 

I ig 2 icpicscnts a typical linic-lcmpeiaturc iclalionship obtained by tins proceduic this particu- 
I II c ui VC was dial observed with a K /CO mole lalio of 6 AO At this and at olher compositions w here 
.omc fusion did occiii. tile melting point did not vary signilicantly trom ih.U vil the oiiginal sample ot 
pi'iassium Actually, because vil slight tcmpciatuic vaiiations m the suiiounding an bath the 
melting points obtained fiom these curves vveie not sulheicnily precise Thcictore separate me.isurc- 
mciits ol the melting points weic made fiom cooling curves obtained while the an bath was vigorously 
sillied 

Since the rale ol heat i input was constant thioughout all these determinations the time i equiied tvs 
licit the Linicaclcd potassium in the product mixtuic (and measured tiom the length of the vertical 
hi c as illustialcd in Fig 2) was proportional to the heat absoibed by this tusion pioecss The pro- 
poilioiKihly constant w.is dclcimined fiom the melting curve for the sample ol puic potassium and 
ihe value loi the heat ot fusion csl this metal, 14 6 eal/g'"’ or A7I val/mole 

' I Rinv.adi-, C K Udil Sci Pinis 156, 1897 (1911) 
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DEGREES CENTIGRADE 

Mg 2 —Healing Eur%c of a rea«.tion misturc with an overall coinposiiion 
eoi responding to a mole ratio of K/C() - 6 50 


TamIE I -ThIRMAL MlASURIMENlS OF POIASSIUM t ARIiON MONOXIDE 
RIA( IION MIXI l-RES 


Weight ot 
K Sample (g) 

4 1374 


4 1417 


CO/K Mole Ratio 

m p ( f 

0 

* 

0 0199 

* 

0 0549 

* 

0 0898 

63 23 

0 125 

63 42 

0 160 

63 45 

0 196 

63 45 

0 254 

63 53 

0 337 

63 54 

0 659 

None 

0 

63 45 

0 0077 

63 55 

0 0161 

63 43 

0 0513 

63 44 

0 154 

63 57 

0 334 

63 64 

0 413 

63 67 

0 527 

t 

I 007 

None 


Cal (per mole ol total K) 
required to melt unreaeted K 

571 

56/ 

530 

498 

477 

364 

392 

336 

295 

0 

571 

547 

522 

* 

425 

240 

212 

40t 

0 


* Not determined t CJiicertam 
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Table 1 records the melting points of the unreacted potassium at various overall CO/K composi- 
tions together with the calories required to melt this potassium per mole ot total potassium (combined 
and uncombined) Determinations employing two different original samples of the metal arc tabulated 
It will be noted that the measurements obtained at a CO/K ratio of 0 527 are uncertain, since so 
little unreacted potassium remained at this point, the heated product was too stiff to stir, and homo- 
I'eniety of the mixtuic could not be maintained The final CO/K ratio of I 007, which is in good 
agreement with the formula KCO, was the value obtained when combination of CO with the product, 
which was entirely black at this stage, was complete 

Maj^netu ilcleiniination'i Magnetic susceptibility values at room temperature were determined on 
a quartz helix balance patterned after that described by SrNnik Several samples of various car- 
bon monoxide-potassium product mixtures were prepared in thin-walled glass bulbs, of about 3 mm 
diamrirr, which were then evacuated and sealed After each magnetic measurement, the bulb was 
broken. Us contents analysed, and a correction was applied lor the susceptibility of the glass The 
apparatus was calibrated using a bulb containing potassium alone, and our results given below arc 
based on the leporied"^’ atomic susceptibility of 215 10 ® (or 0 550 10 “ per g) for this metal 

.11 20 C 

Two different product mixtures with approximate overall compositions corresponding to CO/K 
mole ratios of 0 24 and 0 37. and both containing visible amounts of excess potassium, had gram 
susceptibilities of 0 30 and 0 092 ( 10 “), respectively A sample of the black product, KCO, 

prepared in the presence of excess CO, was diamagnetic with a value of - 0 086 10 * g ' 

\-Hi\ poMcler pattern of KCO A Debye-Scherrer diffraction pattern of the black product with the 
Liiipincal formula KCO was obtained using a camera ol 114 6 mm diameter and CuKi radiation 
Inicrplanar spacings and relative inlcnsiltcs of the lines are given in Table 2 


Tam! 2 — X-Ray lUFfRACiiON pattphn of KCO 


lUk) 

Intensity* 

r/(A) 

Intensity* 

3 18 

s 

1 62 

1 w 

2 88 

m 

1 45 

iw 

2 78 

r? 

I 39 

w 

2 n 

/n(hr) 

1 28 

W’ 

1 96 

T 

1 24 

w 

I 68 

tiihr) 

I 16 

w 

V — strong, in 

- medium, tv 

- weak, V 

very, hr ^ broad 


V/< tin lain 'll \i lulled Several procedures were employed lor the mcthylationof thccompound KCO 
Reaction without solvent Approximately 5 g of freshly distilled potassium in a sealed ampoule 
lilted with a small magnet w.is introduced into a 500 ml round-bottom flask evacuated to 10 ■' mm 
I he ampoule was healed to melt the potassium, then lifted with a magnet and dropped to break the 
up 1 he empty ampoule was then removed and scaled off from the rest of the apparatus Carbon 
inoiioxidc was admitted slowly at such a rate that the temperature did not exceed about 80 C 
\flci the reaction was practically complete, the pressure ol CO was incicascd to about 0 5 atm tor a 
period ol time 1 ifty ml of methyl iodide (Eastman Chemical, while label) was then introduced 
AiihoMl exposure of the black icaction product to air Methylalioii was extremely slow under these 
'.onditions Alter one week the yellow-gray solid that had formed was crushed with a rod. and 
die mixture was allowed to stand tor several more hours The excess CH ,l vxas evaporated, and the 
lein.iiiimg icsiduc was distilled at about 1 1 mm pressure The crude distillate, about 3 ml was redis- 
iilled at atmospheric pressure to yield about 2 g ol yellow liquid boiling at 220-5 C This was dis- 
nlled again and a middle fraction, b p 224 5 collected 

M(’ih\/iilion in the pie '<e nee of solrent A sample of the KCO product was prepared as described 
lb >\c A solution of 30 ml CH ,1 m 70 ml of punhed ethylene glycol dimethyl ether was added and 
ihe le.iction mixture was stirred magnetically for two days in the absence of air The excess CH,I 
ind solvent were removed, and the product was distilled at reduced pressure Redistillation as before 
vielilctl2 1 gof product Its infra-red spcclrum(see bclow)was the same as that of the sample prepared 
w uhoiil solvent 

Real lion oj CO vio/i K m CH^OCHiCH jOCHj Carbon monoxide was passed over the liquid 
Mirl.icc of ethylene glycol dimethyl ether (purified by distillation in dry nitrogen after treatment with 

' ' I- E Seni PLE M D Lee, A A Monkfwkz, J W Maxo and T Pankfv, Rei Sci Instrum 
29, 429 (1958) 

' ’ H Boiim and W Klpmm Z Anotg Chem 243, 69 (1939) 
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UAIH, .,nd K)M 72 7^ m u/i-Ji uhoin ' !,■ .•/ .M<l poLi.^nw, js si.s/K-mleJ |^cry ,, 

rolled”) wiih ■.imini; V -mv^cZ/ou >.rv s/.i/Zmi puhliK! ^kn\l\ lonncd Mia one \^cek dry CH i 
UJ^ .idJLt/ m execs', k) mCiInluc ih>- niixkiic Ihc '.olid piodiii.! i9(i'„ Kl) \'..i'. Idictcd. nnd npou 
le/iiox.il o! the sokedi f/on) f/iL soliiipoii ikoul 2 5 m) ol .t liipiid boilnv^ .i( 2^4 5 C u.is ohtdiiKd 
IZii., VUIS li Lciu.iiikJ iiid iIk middle li.ieluin o( ilk xoiiiLultll iilipiiu piodilcl^ ujs LOllcLtyd for 
anilvMs (linmd C s(i s6 H 7 45 tKM, 4('i2'x mi)leeiil.ir Ik'' I5h’ ISS 191 C.ifcd 

loi ( )l,„<), C ssM) H 7()l 2( (K 11,) pel molecule 1601",, nii'leciilai excit;hl 172) /is 
inli.i-ieil spee'lrum s/ioxxed d'scn pi K'u pt jk s .11 5 7 5 9 iiid 6 I // No 2 4-eliiiilio-phcnylhytfid7t)ne 
elc'i u.ilix c could be pie pa led and .m oleliiue lest uilh J/i_ m C C I, \s.is veiy vve.ik C'.ila/ylie hydro- 
i;e nalion al 760 inin and 2'' \'as iiieoinple k a 400 m*; s.iinple .ibsoi bed only about M ml of liydiogen 
I he odour ol llie eonipe>uiul was eiiaut;ed ho\\t\ei .md .m inlia-tcei analysis indiealcd both hydroxy I 
.uid e.ubonvl .ihsoijstion 

Mt ihiltiiioii oj o pohosiiiin-i nh iiiiciiueduiic \ nnxluro ot approxiinalc overall eompi'silion 
( (), K OS was made bv ihe ^eiicial pioecdure (wilhoiil seihtnl) deseribe'd above No appreciable 
leaetion w IS observed when Ihe mixiuie' was slirre'd with t H ,1 loi Ihiee days in Ihe absence ol a sol- 
vent However alle'i the addition ot puiihed ethylene glxeol dimethyl ether, methylation staited 
immedialelv The >ellow sislid pieeipitatc was tillered and lound to contain about bO",, KI and .i 
eonsidei able .i moon I ot an unknown e.ubonvl eompound I his sohel was slcain-eiistillcd and acetalde- 
hyde w.is obtained as a hyelrolvM, pioduel The excess { H,l and solvent wcic lemoved trom Ihe 
oni;inal hill He leavinj; a vjsei'us preMluel boiliii” at 222 4 C' anil h.aving an inl/a-rcd spectrum 
identical lo that ol ihc high-henling pioduet oblained by the olher proeedures 

P(>IiiiO!;iii/>'iii iidiii liiDi Ilf iJn III ilnhilhiit piodiKl C .H|4), Polaiogiams were le’eoided fear satu- 
I He'd solutions of lliis sliyhllv-sohible eompound m 0 2 M ae|ucous phosphate bullcTs at room temper- 
.iluie A I eedsanil Not thi up I’olaii'tion dropping nieieuiy e Iccliodeassembly, a satuiale'd calomel 
eleelnvde Is e e ) .iiiel n I eV N He'efro-C'hemottiaph (Type I) msliiiment weie cmploye'd Methyl 
eclhilosc was used .is i maximum suppressoi In Ihe inleipieUition ol the eiiives, Ihe current was 
arbiliarily chosen lo he the maximum eiiitenl pel drop ..nil a eoneehon lor iesieki.il eiiirent, 
me.isiired in .i 0 2 VI soluimri ol pM 10 7 bullet was applied 


rxmi 4 Pol MU II at VPHK Riin < iioN Ol- sAii R \ II I) xoiiioi s HI tn Ri ij 
SOI I'lioss or ( .ll,_<7| 



pH 

/ dv Vs see) 

/,j(/(.imp) 

No ol eltcirons 
involved 

1 list 

9 7 

1 O-IO 

III 

0 99 

W 1\ L 

10 7 

1 040 

202 

1 16 

Scei'lid 

9 7 

1 425 

U8 

0 89 

\\ avc 

10 7 

1 471 

124 

1 S7 


'■ C aleulated Irom Ihe slopes ol the linear plots ol h,i , \s lot; 
//li.i /), assuming reversible elcelrode re.ietions 


/able 4 summaii/es ihe data for the two reduction w.ixes that vviie obseived under alkaline eon- 
dihons, I e at pH 9 7 .md 10 7 Allhough ihe hist leduetion wave e iiiesponded to a single eleciron 
Ir.inslcr the second xvivc was almost eeilainly not a simple leeluelion to a elihydio deiixalive Its pi I 
tlependcncc and the liaclion.il values toi the numbei ol electrons transleiied suggest that the second 
wave was .i ealalvlie hydrogen evolutiesn wave of tlic kind repoileel by Rvvoiova"'* lor dibcn^oyl- 
eihylene and other uns.ilui.iled 1 ,4-dike!ones 

DISCUSSION 

Mclting-pomt dcteTminatioiis (T.ible I) tndieate that the solid product which is 
first formed when a limited amount of carbon monoxide reacts with potassium is 
insoluble m the excess metal 1 he melting point of the remaming potassium was not 
depressed but did in fact increase by 0 2-0 3 winch was presumably the result of an 
interaction that consumed a trace amount of a metal-soluble impurity present m the 
original samples of potassium 

J L Down. J Lrwis, B Mixire and G WiiKiNsoN.d Chem Soi 4767 (1959) 

'“’’A Kwowva, CoUectio/i ( zechoshi’ Chem Coninuin 22,1114 (1957) 
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Since the surface of the reaction mixture retains its silvery appearance even after a 
considerable amount of carbon monoxide has been absorbed, it is concluded that the 
metal-inso/ub/e rc.iction product is readi/y wetted and obscured by the uncombincd 
potassium In agreement with this conclusion is the following observation When 
/ones of a black product eventually do become visible, these quickly vanish and the 



Hi<> 3 — Caloiics (pci mole of lolal K) ictjuiicd lo melt the iinreacied 
pol.issuim in \aiious icadion misUiics \s the C'O/K. mo'c ratio 

matciial icgams its sihciy lustic it the tempciaturc is allowed to iiseabove the melting 
point of potassRim. cither by cxtei nal warming or simply as a losull of the exothermic 
n laiic of the reaction 

I he loimtila of this lust product of the reaction may be detcimmed by an examm- 
ition o( fig 3 which shows the relationship between the quantity of heat required to 
nicli the uncombincd potassium and the overall composition of the reaction mixture 
1 he plot IS essentially linear as would be expected if a pi oduct of fixed composition is 
loinied Ihc deviations fiom the straight-linc relationship, particulaily that at a 
C()/K mole ratio of 0 527 are attiibuted to i lack of uniformity in the reaction mix- 
luios The intercept on die composition axis corresponds to the point at which the 
last bit ol flee potassium disappeais Since the value of the CO/K mole ratio at this 
intercept is about 0 66. this indicates that this lirst product has the cmpiiical foimula 

Ihc product with t^e composition K ,Cp,, is black and appcais homogeneous 
However, this solid still letams a high affinity for carbon monoxide, and it reacts 



1^4 
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leadily with additional gas until another product, also black in colour, is obtained 
with the empirical formuld KCO As noted earlier this seeond compound at a mod- 
erate tempeiatuie (ca lOO 200 ) tan undergo a rapid and very exothermic rearrange- 
ment to yield the gray solid, K^C,,Oh 

The above information indicates that the reaction of caibon monoxide with 
metallic potassium proceeds through the following three stages 

K CO — >(K,C, 0 ,), . CO ->(KCO),-^^ K„C„ 0 ,, 

There is no visible evidence (or the presence of two solid phases during the second 
stage of the leaction <ind it is conceivable that those pioduct miKtures which have 
compositions intei mediate between that of KjCTO^and KCO are solid solutions The 
tvto solids with these foimiilas aie both pyrophoric and veiy similar m appearance, 
although it was noted that the lattci compound can be pulveiired much nore easily 
(in an inert atmospheic) 

Magnetic susceptibility measuiements show that these presduets of the potassium- 
carbon monoxide reaction are diamagnetic This Jinding is at variance with the 
measurements reported by Asmussin*"*’ However, he was working with a product 
prepared by the reaction of potassium with a mixture of carbon monoxide and carbon 
dioxide and no doubt was dealing with a different material 

The reaction of the crystalline substance (KCO), with methyl iodide yields a high 
boiling liquid, C^H|o04. as tbe principal product Ilic methylation is accelerated m 
the presence of ethylene glycol dimethyl ether An analysis of the product proves the 
existence of two methoxy groups in the molecule This is consonant with either of the 
following structural formulae CH^COCtOCH,)- C(OCH,)COCH, or CH,COCO 
C(OCH,) -C(OCH,)CHj Ci<!-trans isomerism can be expected with either formu- 
lation We do not have sufiiciciit evidence to assign an exact structure to the methyl- 
ation product Support for an unsaturated diketone structure is obtained, however, 
from the fact that polarographic i eduction of this compound shows a first reduction 
wave which, in alkaline solution, corresponds to a single electron transfer Such 
behaviour, unusual for organic compounds, is in accord with a stiucture analogous to 
that of quinones, which arc well known to undergo rapid and reversible single electron 
reductions in alkaline solution to give semiqumone ion radicals 

The formation of this methylation product, C,04(CH,,)j, indicates the presence of 
an acylic C40j‘‘~ anion m the black compound KCO This anion would be resonance- 
stabilized, and a conjecture is that a similarly stabilized anion, C4O4® , may be a 
structural feature of the intermediate product with the empirical formula KjC.O^ 
There is the remaining question of the relationship, if any, between the black 
compound KCO, 1 c KjC404, and the product obtained by Joannis** when carbon 
monoxide was allowed to react with potassium dissolved m liquid ammonia Dis- 
counting the differences in certain reported properties, it is conceivable that the latter 
material also contains the Cj04^ anion The evidence presented by Joannis for the 
formula KX2O2 is not convincing, since it is quite reasonable to expect that the 
hydrolysis of 0404^ under basic conditions would result in cleavage and also yield 
the glycolate ion as an ultimate product 

Acknu\^ledf;erm’nt The authors wish to acknowledge the support of this work by the Directorate of 
Chemical Sciences, Air Force Ofhcc of Scientific Research 
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ORGANIC SALTS OF LANTHANIDE ELEMENTS— I 

PREPARAHON OF TR/-ACYLATES OF LANTHANUM AND 
CERIUM(III) FROM AQUEOUS SOLUTIONS 

S N Misra, T N Misra. R C Mfhroira* 

Chemical Laboratories, Gorakhpui University, Gorakhpur, India 
{Received 24 July 1962) 

Abstract Tn-acylales of lanthanum and cerium (III) are quantitatively precipitated by the reaction 
ot their nitrates or chloiidcs with excess of sodium soaps (laurate, palmitate, stearate) in aqueous 
solutions These salts are not hydrolysed by water and are soluble in hot benzene from which pure 
samples may be crystallized Molecular weight measurements show them to be monomeric m benzene 
Viscosities of their benzene solutions have been measured and their Ihermogravimeiric behaviour has 
also been investigated Attempts to prepare mixed chloride or nitrate salts were unsuccessful 

As d result of extensive work in these laboratories, aluminium acylates have been 
synthesized as definite compounds These derivatives are, however, extremely 
susceptible to hydrolysis a fact which resulted in controversy for a number of years 
regarding even their existence 

In view of this it was considered of interest to study the acylates of heavier ter- 
valcnt elements, and lanthanum and cerium ( 111 ) were chosen for this purpose It was 
found that even in aqueous solution lanthanum and cerium (111) tri-acylates can be 
precipitated by treating the nitrate or chloride with sodium carboxylate solution 

MXt 1 3NaCOOR ► MIOOCR), 1 3NaX 

Attempts to prepare mixed nitrate or chloride salts by taking the reactants in 1 1 or 1 2 
molar latios failed to give mono- or di-acylatcs It was found that the tri-acylates were 
precipitated under these circumstances, leaving unreacted metal chloride or nitrate in 
solution, these results arc readily understood, since the reactions should be ionic in 
aqueous solution 

The above salts dissolve in refluxing benzene to give slightly viscous solutions from 
which pure tn-acylates scpaiate on cooling, and their molecular weights measured 
cbullioscopically<i°' in benzene show them to be monomeric m this solvent In 
\ ic w of the considerable work which has been reported on the \ iscosities of aluminium 

* Present address Chemistry Dept , University of Rajasthan. Jaipur, India 
; " K C PANneandR C Muirotra.J hiort( Nik I Chem 4, 128 (1957) 
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soaps*" 111 non-.ic]ucoiis solvents, the viscosities of tlie above salts have been 
measured m ben/ene solutions with the following lesults 

(1) The lelalive \iscosity of then solutions incieases with eoncentration 

(2) The lelatne \iseosity at the same conecntiation generally increases with the 
molecular weight of the patent acid c g 

M(sleaiate)( M(palmitate), M(laurate), 

(2) [ or the same concentration viscosities aie in gencr.il highci foi the ceiiiim (III) 
salts than for the coi lespondmg lanfh.iiuim derivatives 

I he cDeel of moistuie on the viscometiie behavioui tif alummiiim soaps*'*^ has 
been the sub|cct of detailed studv In contrast to the tri-ae'ylales, the hydrolysed soaps 
ol aluminium have been shown to exhibit strong gelling tendencies I he addition of 
w<ilei to the bcn/cnc solutions of lanlh.imim aiul coiium (111) salts did not, however, 
appeal to alTect their viscosity 

I heir thcrmogiav imeti le behaviour was also investigated with the lesults shown in 
bigs 1 and 2 rhese show that the salts aie stable up to ^ 200 C when they begin to 
decompose slowly accoiding to the following ccjuation 

OOCR R 

RCOO M - (l/2)M_0, 3/2CO. , (3/2) C O 

OOCR R 

rvolution of carbon dioxide appears to be csimpletc at ~ 350-360 C. aftei which 
there is a lapid loss ot weight due to decomposition of the ketone Differential weight 
loss etiives give m<ixmuim lates of decomposition charactei istic of each ketone vvhieh 
are close to those observed m the aluminium acylates lo confirm that the ketone is 
formed initially as a decomposition product a sample of cciiiim (III) palmifatc was 
heated for about half an hour at 335 C and the palmitone (m p 77-78 C) was ex- 
tiacted from the heated sample with ethanol The thermogravimetric beliaviourof this 
product was similar to that obscived above foi the palmitafc, with a maximum rate of 
decomposition at 440 C 

The piopeities of the tn-acylates of lanlh.iiuim and ceiiiim (III) show marked 
differences Irom the corresponding aluminium compounds Although the latter aic 
also monomelic m ben/ene, they aic highly susceptible to hydrolysis and gel readily 
The cerium (III) and lanthanum salts appear to be so resistant to hydrolysis that they 
can be prepaied from their aqueous solutions, and the viscosities of their hydrocarbon 
solutions are unaffected on addition of watci These differences result from the more 
electropositive character of lanthanum and cerium (111) 

I XPFRfMl NTAL 

A/«/( nal 

B D ff lauric palmitic and slcarie acids were fuilhcr purified by distilling under reduced picssiiie 
Ben/enc was stood over sodium wire, icfluxed with metallic sodium and finally dried a/cotropically 
with a small amount of ethanol laiilhanuni chloride (Johnson, Mallhcy, 99 5 per cent pure) was 
used, cerium (111) nitrate and chloride were B 1) H laboratory reagent grade 

Aiiul\li((ti mcthoih 

Metals were estimated as oxides by direct ignition of ihcir organic derivatives Fatly acids were 
isolated by decomposing the salts with dilute sulphuric acid, ihc f'lltcicd fatty acids were washed 
thoroughly w ith cold water to remove traces of mineral acid, dissolved in alcohol, and titrated against 
standard NaOH solution using phcnolphlhalcin as indicator 
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tvlnlccular weights weic deleriniiicd in ben7enc with a Gallcnkamp semi-nucro cbulliometcr 
employing thermistor sensing Sixteen ml of dry benzene was used, and it was observed that stable 
observations with benzene as solvent van only be obtained after the addition of some solute The 
molecular weight was calculated from the simple relationship M KiVjR where R is the change in 
resistance of the solvent, M the molecular weight oj the solute, the weight ol solute, and /f is a 
constant for the solvent A linear relationship was observed between If' and R, and the molecular 
weight was calculated graphically troni the slope of the line, the average value for K was determined 
as 77200 with naphthalene as solute 


Ft eparation of laiilhaiiuni lii-Uiiiialc 

.Sodium laurate solution (approximately N/10) was prepared by titrating a known weight of the 
lauric acid with caustic soda solulion using phenolphthalcin as indicator This solution was added 
diopwisc with constant stirring to a cold solution of lanthanum chloride (5 0 g) in water (50 0 g) A 


TaDI r I — AnaI VSIS ANEl MOl 1 r UI AR Wl K.M IS OE IHI I RI-AC Y 1 AI LS OE 1 AN 1 It ANUM 

ANO fERIlIM (III) 


Analysis 


Compound 


Found 


Calculated 


Molecular 

weight 



Metal 

Acid 


(”„) 

("„) 

Lanthanum laurate 

18 8 

80 8 

Cerium (III) laurate 

19 15 

80 6 

Lanthanum palmitate 

14 91 

84 6 

Cerium (HI) palmitate 

15 5 

86 5 

Lanthanum stearate 

14 14 

85 86 

Cerium (III) stearate 

n 91 

83 4 


Metal 

Acid 

(?.',) 

Found 

Calculated 

18 94 

81 07 

788 0 

737 71 

18 99 

81 00 

786 1 

738 1 

1544 

84 56 

1000 0 

906 05 

15 48 

84 52 

lOlOO 

906 46 

14 11 

85 89 

1079 0 

990 17 

14 15 

85 85 

1085 0 

990 62 
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white precipitate was obtained immediately and the reaction mixture was heated to flocculate the 
precipitate The precipitate was filtered at room temperature through a Buchner funnel, washed 
thoroughly with water and then with alcohol to remove traces of sodium laurate 

After initial drying in an air oven at 100 105 ’C, final drying was carried out under reduced pressure 
(Yield, 13 9 g, Theoretical yield, 14 0 g Found La,18 68 Calc for La(OOC CuHia), La, 18 97",,) 
The product was further purified by dissolving in refluxing benzene . on cooling a white amorphous 
powder crystallized out This was filtered through a sintered funnel (G-4), washed thoroughly with 
benzene, and finally dried under reduced pressure (Found La, 18 8, C11H23COO, 81 03”„) 
Analysis and molecular weights lor various salts are summarized in Table 1 

Relalne viscosities of tn-acylales of lanthanum and cerium(\\\) 

Viscosities were measured in benzene using a calibrated viscometer at 33 C, and relative viscosities 
arc plotted in Fig 3 

Aiknonlediyement — Two of the authors (S N M,T N M ) thank the Atomic Energy Establishment, 
Bombay, for research fellowships 
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ORGANIC SALTS OF LANTHANIDE ELEMENTS— II 

PREPARA riON OF LANTHANUM AND CERIUM(III) 
ACYLATES FROM A NON-AQUEOUS MEDIUM 

S N Misra, T N Misra, R C Mimroira* 

C'hcmn.al [laboratories, Goiaklipirr University, Oorakhpiii fndia 
( Rec eii cJ 24 Jill) 1 %2) 

Mislracl The icaclions ol anhydrous lanthanum and cciiumtlll) ehloiidcs have been studied with 
lestie acid, .acetic anhydridcacetic acid and acetic anhydiidc In all three leactions, tn-acetates are the 
liiial products in cjuantitativc yield I he molecular weights, dctcimined ebulhoscopically in benzene 
show them to be monomci ic Reactions ol lanthanum and ccrium(lll) chlorides with palmitic acid 
ha\c ilso been studied at ditlercnt molar ratios in benzene and the mono-, di-, and tri-palmitates have 
hcsii isolated 

In .111 cMilici ptibliL.ition,*" llic prepaiation ol the tri-laur,ites, palmitatcs, and stear- 
.itc's o( l.intlianum and ccriLiin(III) lias been described and they have been shoun to be 
si ililc, non-hydrolys.ible compounds In a lecent detailed study'-' the reactions of 
Lintli.tnum and neodymium oxides with acetic acid and acetic anhydiide have been 
show n to yield oxo-acetates with the formula (AcOI^M- O M(OAc), 2AcOH. which 
ire convcited to the tri-acctales only on prolonged refluxing with acclic anhydiide 
1 hese tri-acctatcs have been given bridge structure of the type 

Ac 

/O. 

(AcO),M< M(OAc)j 

Nd 

Ac 

on the b.isis ol llicii behavioui m conductometric titrations with acids Oxy-acylatcs of 
this type have been reported in the case ol titanium'^’ Irom the reactions of titanium 
oxide .illsoxidc as well as titanium alkoxides and tttamum tetrachloride A similar 
dci.iileil study in these laboi.itoi les"' of tlie re.iction of alkyl borates with a<ctic 
.iiihsdi ide has conlirmed tlie bi alged stiucluie of boron acetate repoi ted by GtRR xrd' ’’ 

I ,d by I \L ni N(.xv I r"’’ and co-woikers 

In view of the loimation ol non-hydrolysable cciiiim(lll) and lanthanum soaps'*' 
li uin acjucous solutions and the lot mation of oxy-acctatc products icportcd by Sr\ rriN 
1 1 ,// It was consideied woitli while to study the reactions of lanthanum anci cerium 
(III) chloiides with palmitic acid in a non-ac]ucous medium It w.is found that these 
rs.iclions arc slow, more so in lanthanum chloride than m cerium(lll) chloride but the 
mono- di-, ,ind tri-palmitatcs can be isolated by simple metathetic reactions, e u 

MCI^ f vRCOOH ^MCI,, ,,(RCOO)v vHCI 

* aiUuw University Prof and Hc.id of Chemistry Dept Umveisity ot Rai.isthan Jaipur 

(Indi.i) - J ’ r 

' S N Miska r N Miska and R C MrnRoiRA.d Iimi" Nml Chiw 25. PJS (19hS) 

I X SrAioN F fi SniRuandL F Auisrifth, d liioi" I^iicl Cluiii 9, 222 2V| (1955) 

'Is C I’vNDh and R C Mphroira, C/iem iwcl hid . 114(1957) 

'“A K Rai and R C Mihrotra, Private communication (19fi2) 

’ W (iirraro and A M Wiiiuans, Chem and hid 758, (1954) 

"" R (i Havti-r, A W Lauhi NGAVrR and P G Thompson, J Amei Chem Soc 79,4047,(1957) 
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(M- lanlhamim or cenum(Ill), \ I,2or3) The formation of an oxygen-bridged 

eompouiid eould not be detected at any stage in the above reactions In view of their for- 
mation in the reaction between titanium tetrachloride and acetic acid, it was considered 
ol interest to study the reaction between anhydrouslanthanumandcerium(lll)chlonde 
and acetic acid, acetic acid acetic anhydride mixture and acetic anhydride In all these 
cases quantitative yields of the tn-acctates were obtained as final products Measure- 
ments of the molecular weights of these compounds in benzene showed them to be 
monomeric, m sharp contrast to the budged structure suggested on the basis of their 
physico-chemical propci ties 

1 XPfRIMfNTAL 

Miilci ml 

Anhydrous .icclie acid (T Merck) was dchydraled by icfluxing with acetic anhydride'^' followed 
bv fractionation Acetic anhydride (H f) H ) was purilied by Iractionation and the distillate collected 
at 1 ts 140 C Palmitic acid (B I) H ) was piiiihcd by distillation under reduced pressure Ben/enc 
IH D It ) was purilicd as in our earlier work"’ 

Anhydrous lanthaniiin chloride, prepared from lanthanum oxide (t Merck, 90 per cent), was 
dissolvvd in hyiliochloric acid (A R ) and evaporated to dryness This pioccss was icpcated four times 
and the anh^dious salt w.is prcpaicd by healini; in a closed tube in dry hydrogen chloride Anhydrous 
cciiLimt/ll) chloride was cibtaincd Irom a hydrated sample (B D H ) by removing the water azeolro- 
pically with benzene and ethanol the hnat product was Ireed from volatile solvents under reduced 
pressure 

Methods 

Molecular weights were determined cbullioscopically in dry benzene as in Part 1'" 

Anal] set 

Lanthanum and c'erium(III) m the acetates were estimated by igniting a weighted quantity at 
OCX) C to the respective oxides Carbon and hydrogen contents of the acetates were estimated by 
standard methods In the chloiidc acylates, lanthanum and cenum were estimated by precipitation 
as the oxtnates 


Pupatatum of thloiide at \ kites of lantliarmin and rc/;«/n(IIl) 

(i) Reaction of lanthanum chloride and palmitic acid (molar lalio 1 1) Freshly-distilled palmitic 
acid (1 294 g) was added to powdered anhydrous lanthanum chloride (I 25 g) in 50 g of dry benzene, 
and the contents were refluxed Alter several hours refluxing evolution ol hydrogen chloride gas had 
not slopped completely, although it had become very slow The product was filtered and washed 
repeatedly with dry methanol in which both lanthanum chloride and palmitic acid arc soluble After 
washing, the compound was dried under reduced pressure (0 05 mm) at 10 C for 5 hr (Yield I 506 g 
Found La 3049, Cl, 16 28 Calc for La(C„H„COO)Ch La, 30 1 , Cl, 15 24°,,) 

(ii) Reaction o/ cenianiUl) chloride and palmitic acid (media ratio 1 1) Cerium (III) chloride 
( 1 34 g), palmitic acid (I 33 g) and benzene (30 g) were refluxed in a bath at 1 10 C’ 1 he compound was 
filtered and washed several times with dry methanol, dried under reduced pressure and analysed 
(Yield 129g Found Ce, 30 49, C I, 16 4 Calc for Cc(C, ,H„COO) Cl, Ce, 29 95 , Cl,l 15 2 "„ ) 

( 111 ) Reaction of lanthanum chloride and palmitic acid (molar ratio 1 2) 1 anthanum chloiide 

( 1 489 g), palmitic acid (3 304 g) and benzene (25 g) were refluxed at a bath temperature of 1 10 C 
Flydrogen chloride was not detected before 8 hr refluxing The reaction was stopped after several 
hours and the product filtered, washca thoroughly with dry methanol, and dried under reduced pressure 
(005 mm)at30C (Yield 1 89 g Found La, 21 2. Cl, 4 8 Calc for La (Cj^Hj, COO), Cl La, 
20 4, Cl, 5 IS”') 

(iv) Reaction of cenum (///) chloride and palmitic acid (molar ratio 1 2) Cerium(lll) chloride 
(1 35 g), palmitic acid (2 70 g) and benzene <35 g) were refluxed in a bath at ] 15 C and after 15 hr 
refluxing hydrogen chloride was detected at the top of the condenser After prolonged refluxing a 
glassy solid separated from the lower, unreacted ccrous chloride Refluxing was continued until the 
evolution of hydrogen chloride had slowed down considerably The compound was filtered through 
a sintered funnel (0-4), washed thoroughly with methanol, and dried under reduced pressure (Yield 

1 28 g Found Ce, 20 8, Cl. 5 4 Calc for Ce(C,sH,.COO),iCI Ce, 20 36, Cl, 5 14%) 

(v) Reaction of lanthanum chloride and palmitic acuUmolar ratio 1 3) Finely powdered lanthanum 
chloride (1 0 g), frcshly-distilled palmitic acid (3 10 g) and anhydrous benzene (30 0 g) were refluxed in 
a bath kept at 1 1 5°C for several hours It was evident from the speed of evolution of hydrogen chloride 
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that this reaction was faster than those with 1 ],andl 2 molar ratios After several hours’ refluxing 
the reaction was terminated when evolution ol hydrogen chloride gas had ceased The compound was 
filtered, washed several times with methanol, and dried under reduced pressure (0 05 mm) at 30 "C 
(Yield 2 01 g Found La, 16 3, CnHaiCOO (palmitatc), 83 5 Calc for LaCCijHjiCOOIj La, 
15 54, C„Hi.COO, 84 465..) 

(vi) Reaction of ceriiim(lll) chloride with palmitic acul (molar ratio 1 3) Cerium(in) chloride 
(1 63 e, palmitic acid (5 19 g) and benzene (30 g) were refluxed at a bath temperature of 115 C for 
several hours The reaction was terminated after several houn,’ refluxing The product was filtered, 
washed repeatedly with dry methanol, and dried under reduced pressure (Yield 3 25 g Found 
Ce, 14 98, Ci[,HjiCOO (pdlmitate), 84 3 Calc for CcfCuHaiCTOO)! Ce, 15 48, CiaHjiCOO, 
84 


Pie pen at ion of laie earth acetates 

(i) Reaction of lanthanum chloride and acetic acid Lanthanum chloride (2 34 g) and acetic acid 
(60 g) were refluxed on an oil bath (135 C) for several hours Hydrogen chloride was detected at the 
lop of the condenser |ust aller refluxing had started The evolution of hydrogen chloride was very 
lapid initially, but gradually became slower After hall an hour the lanthanum chloride had dissolved 
Lonipletcly in the solvent, and after a few hours’ refluxing a white crystalline solid separated from the 
solution When reaction was complete as shown by the absence of hydrogen chloride at the top of the 
condenser the product was filtered, washed several times with dry acetic acid and dried under reduced 
picssure at 70"C (Yield 2 98 g Calc yield 3 02 g Found La, 43 89, C, 22 84, H, 2 90 Calc for 

I I'CH.COO), La, 44 11, C, 22 74, H, 2 86'’„) 

(ii) Reaction of cei uimiHl) chloride and acetic add Cerium(IIJ) chloride (2 ^3 g) acetic acid 
(30 g) were refluxed in an oil-bath (135 C), the reaction began immediately with vigorous evolution 
ol hydiogcn chloride As refluxing proceeded a white solid separated When the reaction was 
complete this was filtered, washed thoroughly with acetic acid, and dried at 60'C under reduced 
pics^ure (Yield 2 73 gCalc yield 28gFound Cc,44 4, C, 22 8, H, 2 85 Calc for CcfOOCCH,), 

( c 44 16, H, 2 85, C, 211%) 

( 111 ) Reaction of lanthanum chloride mlh acetic acid acetic anhydride Acetic acid (30 g), acetic 
anhydride (30 g) and lanthanum chloiide (3 28 g) were refluxed an oil-bath for several hours It was 
only after 4 hr refluxing that hydrogen chloride was detected, indicating that this reaction was slower 
Ilian ih.it with acetic acid Once reaction had begun, hydrogen chloride was liberated at an appreciable 
r.ilc and the reaction was complete after several hours The solid, which started to separate as soon 
.IS the icaction had commenced, was filtered, washed thoroughly with acetic acid and acetic anhydride 
and dried at 70 C under reduced pressure (Yield 4 I g Calc yield 4 22 g Found La, 44 3, C, 
22 75 H, 2 91 Calc foi I a(0()CCIF)j La, 44 11 , C, 22 76, H, 2 85 “,.) 

(iv) Reaction of ccnian(lH) chloride nitliacetic cu id-acetic anhidnde Ccrium(III) chloride (3 42 g), 
tcclic .icid (30 g) and acetic anhydride (30 g) were refluxed for several hours in a bath at 130 C On 
piolongcd refltixing ihe chloride dissolved, but on cooling a crystalline solid separated in amounts 
which I ncic.tscd with increasing lime of refluxing Aftcrcomplctionof the reaction the solid was filtered, 
w.ishcd thorointhly with acetic .inhydridc-acctic acid and dried under reduced pressure at 
( 5 icld 4 34 g Calc yield 4 5 g Found Ce. 44 34, C . 22 74, H, 2 94 Calc for CelOOCCH,), 
t C 41 16 c"22 75 H, 2 85”;,) 

(V) Reudion of liinlliuniiiii cliloiide and acetic anincliide Lanthanum chloride (2 18 g) and acetic 
.mliMlnclc ((lO g) were refluxed tor sevcial hours, hydrogen chloride was only delected alter 10 hr 
icIIlisihc, dissolution of lanthanum chloride was also slower in this case When hydiogen chloride 
' w 1 no longer delectable the product was filtered, washed thoroughly w ith acetic anhydride and dried 
und^r icduced pressure at 70 C (Yield 2 75 g Calc yield 2 80 g Found La, 44 3, C, 22 95, H, 

, 2 7S (ale loi I .a(OOCCH ,)3 La, 44 I I , C,22 76, H, 2 85''„) 

(vi) Reaction of cei iiiindll) cliloiide with acetic anhvcli ide Cenum(lll) chloride (3 (4 g), and acetic 
% .inhvdride (40 g) were refluxed at a bath temperature of 140'’C for several hours This reaction was 
- tlsosU^w .tnd hydiogcn chloride could only be delected afler9 hr refluxing The product was filtered, 
f , w ished wiih .icetic anhydride several times, and diicd under reduced pressure at 65' C (Yield 3 94 g 
< .dc yield 4 g bound Ce, 44 38, C, 22 98, H, 2 7 Calc for Cc(OOCCH 3)3 Ce, 44 16, C, 22 75, 

II 2 85",,) 

'a, 

g '(diiow ledyemc nt —Two ol us (S N M , T N M )are grateful to the Atomic Energy Fstablishment. 
^ fldinbay, for the awaid of research fellowships 
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THE EFFECT OF ADDITIVES AND STABILIZERS 
ON THE EXTRACTION BEHAVIOUR OF U(V1) 

AND Pu(IV) NITRATES WITH TERTIARY AMINES 

F BARONCtLlI. G ScIBONA .>nd M ZlF^tR^RO 
CN E N 

Laboratorio TraUamento Elemcnti CombusUbili c/o Islituto di Chimicd 
Eariiiaceutn..i deH'Univcrsila 'di ROMA 

(Reci'ivicl 14 Dccanhn 1961 in t ii tscii fin m 1 June 1962) 

\bs(ract -ihe use ot additives and slabi!i7cis in the solvent exlrattion of aetinidcs with tertiary 
uMinus to eoatcol the third phase torinalion and the I’u valence state introduces new variables in the 
solvent cstiaction behaviour ot these elements The elTect of the separate presence of nitrous acid as a 
siabili7er and ot a long chain aliphatic alcohol as an additive has been evaluated lor uranyl and 
plulonitim nitrate 

Depending on the acidity of the aqueous solution the addition ot nitrite to the water phase can 
depicss iir enhance the partition coellicicnts The addition ot a long chain alcohol has only a depress- 
ing cilect When the additive and the stabilizer aie present at the same time, the partition coetlicient 
IS a inaviminn when equal molar concentration ot alcohol and nitrous acid are added to the organic 
phase A coheicnt iittcipictation ot this behaviour is given 

1 lit Lisc ot tertiaiy aininc s<tits dissolved in a suitable diluent as potential extractants 
in the reprocessing of irradiated nuclear fuels is well known Lately, an increasing 
ntiinbci ot woiks has been published on the cxtiaction behaviour of the actinides in 
the nitrate systems*- ^ and hypotheses have been advanced on the extraction 
nieeii.inism *"’ 

I ho choice ot .1 suitable diluent and the need foi additives aiise fjom the fact that 
lliv .inline .icid complexes .tiid the amine -actimdc complexes h.ive sometimes limited 
solubtlity in tlie diluent and when this is exceeded the organic solution splits into two 

pit.iscs 

It has been shown that aromatic diluents such as toluene or xylene aic preferable 
to .ilipii.iiic hydrocai bons because they yield more st.iblc solutions,*'* the use of small 
qii.inlit'cs of long ch.iin .ihpliatic alcohols <is additives to the cxti acting system has 
prvivvd bcnelicial because it increases the solubility of the amine complexes m the 
ililtiLm *■> Tlic same cITect is obtained with an incrc.ise in temperature *' 

No mioi Illation so fai has appeared on the elfcct of the presence of such additives 
m tile oiganic solvent phase on the extraction behaviour of uianium and plutonium 
1 iirthcrmorc, the lecovciy of plutonium from iii.idiatcd fuels gcncially utili/es 

^ S Wilson 1 Ik Pioiiidiw's of the Suomi InUimitional Confeicnie on the Piiuejiil L\c\ of 
t/oniii Z/K/g) 1958 i'/544 Vol 17 p 348 Uiviled Nations (1958) 

'W I Kioik, J C Shi RPARu and A S Wilson J Iiioh' Mini Chem 12, 327 (1960) 
fi VViAviR,md D f Hornir, y Chem Ln"n" /JaAf, 5, 260 (i 960) 

‘ I UvRoM It 1 1 and M /ii n ri ro, C NC-4I (July I960) 
t Baronc 1 1 Li, tj S< iBONA and M ZirrLKiRO, 7 ///nig NucI Chem 24,405 (1962) 

I lUROMLtii. (; ScinoNA and M ZinrRFRO, 7 ///o/g NucI Chem 24,541 (1962) 

’K H Brown, C E Coleman, D J Crousi-, J O Denis and J G Moore, AECD 4142 ( I9S4) 
'’J I JrNMNsandA G Wain, AhRE-M537 (1959) 
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dttki (o sUtbili/o Pii 111 the tetiavalont stiite, v\hich is the only duo suitable for CKtiac- 
lion The addition ot nitrite ions prior to each extraction is necessary if further 
extraction cycles aie used 

Again no data are available on the inlluencc of mtrous acid on the extraction 
behaviour of plutonium and uranium only some information exists on the extraction 
behaviour of nitrous acid m tiiisononyl amine nitrate in xylene 

The purpose of this woik was to investigate the effect of such stabilisers and addi- 
tives on the extiaction behaviour of U and Pii into lertiaiy amine nitrate diluent 
solutions The following systems have been studied 

(a) DiluciU-HNO, 

(b) Diluent additive HNO^ 

(c) Amine diluent HNO^ 

(d) Amine diluent additive UNO^ 

(e) Aminc-diluent HNO> I U, Pu 

(f) Amine-dilucnt additive -j- U, Pu 

(g) AininC'dilucnt additive HNO, 1 U, Pu 

Marked effects have been noticed on the extraction behaviour of U and Pu in 
presence of additives or stabih 7 ers or both 

hXPbRlMENTAL 

Several tertiary amines have been eonsulcred a list including sources and tormula is given in 
Reference (6) Solvesso 100, principally a mixture ol Inmethylbenzcnc isomers, an aromatic industrial 
naphtha, was mainly used as diluent, only in eertain cases was xylene (mixture of isomers, leagciit 
grade) preferred -l-S-S-trimethylhcxan-l-ol, a commercial grade iionylalcohol, was used as the 
additive All other chemicals were reagent grade Plutonium nitrate was purified from americium as 
described elsewhere The cxtraelion procedures, the preparation ot the amine salt solution and ol 
the labeled uranyl nitrate have been described before All the extractions were earned out at 

room temperature The mtrous acid was determined by the standard ceric ammonium nitralv 
(itration 

U BtRTOcci, AhRE-R2933 (1959) 

"»>K SiNoraandP A Vampllw.J C/re/n Soc 3971 (1956) 

"" F Baronciili, G Scibona and M ZiFFrRiRO, y /noi^^ Ncicl Chem 24, 547 (1962) 

F M Sri'BBLFFiFLD, Chem Analyt Ed 16, 366(1944) 
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; RESULTS AND DISCUSSION 

and (b) 

partition of HNO^ between an aqueous phase containing HNOj and NaNO^ 
■ an oiganic phase consisting of the diluent alone and then with varying amounts of 
' .jionanol was first investigated The results of extraction experiments are collected in 
Table I 

Nitrous acid is moderately soluble in the pure diluent The addition of the alcohol 
to the diluent increases the extraction of HNOj into the organic phase This increase 
appears to be approximately propoitional to the nonanol concentration, suggesting 
the formation of an R OH-HNO, complex Above 5 per cent nonanol the experi- 
mental conditions arc such that piactically all the nitrous acid is extracted into the 
oieanic phase 


f (OC (( ) 

Niti (HIS acid IS extracted into Solvesso scilutions of tertiary amine nitrate as a linear 
liinction of the amine concentration The results of the cxtiaction experiments aie 


o> 

o 





0 
z 

1 


R,N(M) 

I i(. 1 I he txti action ot HNO^ by Solvesso solutions of ti i-n-octylamine nitrate and 
in-n-dotlccylaminc nitrate <1 1 A) versus amine concentration Initial aqueous phase 
0 22 M NaNO. I quilibriiiin aqueous phase I 6 M UNO, 

plotted in fig 1 Aqueous nitrous acid solutions show .ibsoiption at 3^6, 371 and 
183 inp*"’> In the organic phase absoiption maxima are observed at 338, 348, 360. 

, ^73 and 390 m/i fhe absorption at 338 and 348 m/( is probably associated with a 

I ibile nitrogen oxide, the peaks vanish on ageing the solutions 
j HNO^ solutions m Solvesso-nonanol as under case (b) show sharp absorption a 
343 355 und 370 nyt plus a slight absorption at 335 This latter peak and the shift of 
the maxima are probably associated with the postulated HNOj-nonanol complex 

( tOL ill) 

I Ihc absoiption spcctia of TLAHNO, diluent solutions containing HNO_, are 
I rnodihed when nonanol is added This modihcation is probably related to the 
I fcHniation of the nonanol HNOo complex mentioned under case [h) 
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Case (( ) 

The acid dcpLiidciici. ot / ! f\ j, and /I'uusi i'' dcsciibi.d in I ig 2 m absence o' 
additises it siabi!i/cis If NaN(X is giadiiallv added to an ac|iicous phase initially 4 M 
in UNO, and containing iiiaimmi or plutoniimi, the paitituMi ciicllicient m the extrac- 
tion with fLMINO, ihliRiit dccicascs with iiuicasing niliite niol.iiity as shown m 



HN0,(M) 

t-R. 2 1 he cell aclion ol plutonium nitrate and uraii)! nitrate hy 10 v/o 11 A niiiale 

m x)lene Initial aciucoiis conditions 0 5 g Uyl and t) 1 g Bu/I 



NoNO,(M) 

f Ki 3 — Ihc effect of the addition ot sodium nitiitc on the extraction ol uranyl luliate 
by to v/o TLA nitrate in xylene Initial aqueous phase 4 M in IINt)j 

Fig 3 and 11 This is due to the consumption of HNO,, caused by the addition of 
NaNOa through the formation of HNO. 2 , in agreement with the acid dependence of 
and Fi 

This behaviour is inverted (Tig 5) if the initial aqueous HNO, molarity is nine 
If the partition coefficient of U between aqueous phase and solid anion exchange resin 
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IS plotted versus NdNOg molarity (Fig 4) a similar curve is obtained confirming the 
analogy between anion exchangers and tertiary amines, already reported 

The variation of and in the above mentioned experimental conditions 
suggests that the HNO,, extraction into the organic phase is not accompanied by a 
corresponding back extraction of HNO, fiom the organic into the aqueous phase, m 
which ease the aqueous HNO, molaiity would remain unchanged from the equilib- 
iium value 



NoNO^aM) 

t"i(. 4 — tiled of ihc addilioii ol NaNO. on ihc parliiion coefficient of uranyl nitrate 
between 'll! mituilly 4 M ntli le acid solution and Dovvtx I (nitrate lorm-2(X) 400 mesh) 



NaNO (M) 

1 K . s rhe elleet of ihc .iddilion ot NaNO^ on thccsliaelion ol uranyl nitiatc by 10 
TIA nitiale m xylene Initial at|iicoiis phase 9 M in HNOt 

( use ( / ) 

Hh addition of nonanol to the amine nitrate diluent system enhances the extrac- 
tion ol nitiic acid into the oiganic phase as shown in Fig 6 

1 he quantity of nitric acid exliactcd is a lineai lunction of the nonanol concentra- 
tion The \aluc of the intciccpt at 0 pei cent nonanol actually coi responds to the 
\pccted HNO, concentration'"* in a 10 v/o 'f LA-xylene system 

The additional nonanol increases the concentiation of nitric aeict in the organic 
vhase 1 he observed and A,- decrease (Fig 7) This is piobably due at least in 
lait to the 'iicieascd dielectric constant of the organic phase m the picsence of excess 
nil ic acid 

It has hcen shown previously''’* that solid uranyl nitiatc (UNH) is soluble in solu- 
lons uf , inline nitiate diluent The resulting uianium loaded organic system contains 





J HaKi>n<IMI It .1111.1 M 


:u) 

tfu mniti.itour.iinl LOiiipicx whixh is obtained by cMiacUon of uranium from 

an .K)i!..o'as s(i|ution 1 his f.u.t poimits the study of the in/Iueiiee of the organic phase 
eoiiiposition on the foi nutn'ii of'l/ie iir.iiiitiin to/np/e\ tn f/ic ahsence ofa H.itei phase 
fn liK piLSLiit ease the solubility of' sofief Libeled UNH in an oignnic phase 
n>nt inline xarious e’oneeiiti.itions ol iion.inof was studied * 



a 


v/o riO'ii'soI 


1 io <1 I iTe’et I'f nen.inisl on the e\- 
ti.ielmn ol mine neiel linitially 6 M) bv 
Id \ .'ll 1 I \ nUi lie 111 sylelle 



I k. 7 —The efTcel of nonanol on ihe cs- 
traetion ol uranvl nilrale and pkiloniuni 
nilrale by It) v/o amine nitrale from 4 M 
mine .leid 


Results weie plotted m Fig 8 Fhe solubility of solid UNH is a lineai function of 
the percent nonanol, if the HNO, concentration is also increased in sueh a way that 
the ratio HNOj/nonanol is held constant the effect on the solubility is given by the 
dotted line 

The slope of the fatter function is lower indicating that a simultaneous incieasc of 
the nitric acid and nonanol concentration has a depressing effect on the solubility of 

* Solid UNH IS readily soluble in nonanoi-diluent systems 
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UNH Previous experiments had shown that the solubility of UNH m theTLAHNO,- 
diluent system (without nonanol) was not affected by vaiying concentrations of nitric 
acid "" 

The results of the UNH solubility experiments arc coherent with those obtained 
fiom lic^uid liquid extraction While the increased solubility in the organic phase with 
increasing nonanol would not agree with the observed depression of the organic/ 
aqueous partition coclficient, the effect of added nitric acid on depressing the increase 
of solubility induced by nonanol is consistent with the observed partition coefficients 
In extraction experiments the nonanol addition is accompanied by nitric acid 
extraction into the organic phase 



% nononol 

1 K. S - tiled of nonanol on the soliibdity of solid uianyl nitrate m I0\/o TLA 
nilratc in xylene at constant HNOj etinecnlralion in the solvent (solid line), at con- 
stant HNOj/nonanol in the solvent (dotted line) 

Usually a log log plot of the partition coclficient of a metal vs the fiee amine 
concent lalion is a stiaight line with a slope which gives in (oi mat ion on the composition 
of the amine metal complex In fact, the numeiical value of the slope corresponds to 
ilic amine/metal ratio in the complex Thus this ratio is two for the amine plutomum 
I omplex*- ’’ and approximately I 5 for the amme-uranium complex '■> 

I he presence ol a constant amount of additive in the organic phase modifies the 
\ lilies ul (he slopes (Table 2 and Fig 9) This behaviour is important only at high 
nonanol/aniiiic latio (i e low concentration of ficc amine) 

This (act should be born in mind when performing experiments of this kind 
heiause if an additive is present in the organic phase, the meaning of the slope is lost 
Howevei, if the amine/nonano! ratio is kept constant the log- log plot of the partition 
coclhcient vs the amine concentration is a straight line with a slope which is essentially 
independent ol the actual value of the ratio 

( asc (a) 

Tlu depressing effect of the nonanol (Fig 7) on the and as indicated under 
case (1 ) is neutralized by the presence of HNO, in the organic phase This is shown in 




! B\ron(ilit G Stu«)N\ and M Ziulrlro 


IaIUI 2 VaLI'ISHI IHF SIOPISIN MIF UKj- UKj PlOl OF lilt U \NO 
Bu P \R I nil ton H< II NT VI RSUS AMINI t ONf I MRM ION A1 CONSI AN P 
At mm ANt> \ ARV IM. NONANOI 1 1 )N< I N I R A I ION 


Nonaiml coilcciili ation 

/ r 

h I'm 

0 \ , o 

1 4 

20 

s \ ,'o 

1 8 

2 y 

non.ini'l/, inline 2 

1 t 

20 


.K] ‘“1.1 0 nij; ml (UNO, 6 M) 

I'll 0 1 inp'ml llIN()i4 M) 
tin: vai \ ini; voiu ol 11 iWnNO,!!! v^lciic 



3 

a 

oO 


TL A (M) 

r Kf y 1 vlraviion ol pUitonuiin nitriite and uranyl nitialc by 1 1 A nilratv in xylene 

Irom 4 M niii ic atid 

• - Li cviravlion 5 v/o nonanol added lo the organit phase 

v/o amine 

• #11 extraction The ratio amine/nonanol is kept constant ; 2 

' v/o nonanol 

Pu extr.iction 5 v/o nonanol added lo Ihc organic phase 

Figs 10 and II where £, and respectively are plotted versus NaNO, concen- 
tration in the aqueous phase at constant acidity and for different values of nonanol 
concentration Fach curve of both families is characten?cd by a maximum when the 
NaNO_,/nonanol molar ratio is near one The presence of this maximum is coherent 
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With the interpretation given under case (b), (e) and (f) Separately considered at4 M 
HNO„ both nonanol and nitrous acid have a depressing effect on and £ 1 .,,, when 
they are present at the same time some complex between the alcohol and nitrous acid is 



ID ' 10 

NoNO-IMI 


1 K, 10 [he elleet of nitious atid on the extraction of plutonium nitrate from 4 M 
mine aeid by 10 v/o I 1 A nitrate m SoKcsso haeh euive refers to a different value of 

nonanol concentration 

probably formed I rom the curves m Fig 1 1 it tan be inferred that the complex has 
much less effect on the partition coetheient of uranium than with nonanol or sodium 
nitiitc added separately In the casc of plutonium the simultaneous presence of 
appiopriate concentrations of nitious acid and non<inoi increases significantly the 



NoNO iM) 

r K, II 1 he cllcct of nilrous acid on the cxliaction of iiranyl mtiate from 4 M nitric 
acid by 10 v/o ILA nitiate in x)lcnc Lacli ciiivc icicrs to a diflercnt value ol nonanol 

conccnlration 

plutonium extiaction (Fig 10) Five commercial amines* all exhibited this mcieasc, 
indicating a possibly general phenomenon of long chain teitiaiy amines Experiments 
are m progiess to obtain informaOnn on the behaviour of the most important fission 
products in presence of additives and st.ibilizcis 

IcA/imi/i (/t^( -We are mdcblcd to Piol O Giacomillo Ioi helplul discussions We wish to 
thank Messis D Kiioni, O B Bionoi, P Susini, R C ark.i ia and S Ilardi tor their contribution in 
the expel imciital part 

* I'llaurYlammc (Rhone ct Poulenc), tri-iso-octylaminc (Union Carbide), tn-n-octylamine 
(f luka) Alaminc iMi (General Mills) and tn-n-octylamme (Chemical Procurement Co ) 
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Copper (11) cyclopropane-1: amino -1: carboxylate and 
cyclobutane 1: amino-1: carboxylate 

(Received 14 Match 1962) 

Pm vionsiv wi have diseusscd the i clalionsliip between adsorption spectra in the visible region and 
einironment ol the copper atom m a senes ot copper(ll) o'-amino-aeid chelates,'" and suggested that 
the untiMial violet eolour ol anhydrous copper! II) a-amino-isobulyrate and eyclopcntane-l amino 
1 eai hosylale could be dtti ibutcd to planar 4 eo-ordinaiton ol the copper atoms in these compounds 
in the solid state This piediclion has since been confiimcd by X-ray analysis of the eyelopcntanc- 
I amino-l carboxylate, the nearest atoms to copper in the direction normal to the molecular plane 
being caiboiiyl oxygen atoms ol neighbouring molecules at a distance ol 1 2 A U 

We now repoit absorption spectra in the solid state and in aijucous solution ol copper! II) cyelo- 
piopane-l amino-l eat boxylalc and cyelobulaiie-l amino-1 carboxylate 

C oppei(ll) eyelopiopanc-l amino-1 cat boxy lat. eiystallizes from aqueous soliitiem as the blue 
moiiiiliytli.ile, the eyclobulane-l amino-l carboxylate erystalli/cd anhydrous in violet plates 
Misoi ption spectra of the sr.hd compounds .ate shown in Fig I Both substances are beely soluble 
111 watei giving blue solutions, the <ibsorption spectra ol which are also shown in big 1 

We eonekide that, in aqueous solution both compounds arc present as molecular species, in which 
6 co-oidinatmn ol the copper atoms is completed by water molecules !l) A similar environment of 
the eoppei atoms is picscivcd in the solid hydrated cyelopropane-I amino- 1 carboxylate, the shilt 
in the absoiptioii peak from (il? m/i in solution to about 632 nyi in the solid being related to the 
(.iitfeihig availability of water molecules In solid, anhydious coppcrtll) eyelobutanc-1 amino-l 
earboxvlate however, we conclude that the copper atoms arc 4 co-ordinated !11) as in the cyclo- 
pcnl UK I .iinino-l earhoxy late .ind the T-aminoisobiityratc 
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Disdis'iioii 

^luhihii of f ( ii-oi diiKiled slim lilies 

\ny planar 4 eo-oidinaled slriietuic has the metal .itoms exposed in such a way th,it it is inherently 
lAcly to leeepl fuither donor groups to extend the co-oidinalion number to live or six, numerous 
such additions have been observed witli the planar compounds of nickel(ll), palladnim(ll) and 
platiniimt 1 1 ) in the case ol eoppcitll) 5 and 6 co-oidination are much mote common than 4 co- 
' 'I dinal Ion 

1 he present examples of 4 eo-ordination appeal to be due entirely to eonsidcrations ot packing 
111 ihe crystal latl lee thcic is clearly no possibility ol obsti uetion ol the fifth anil sixth positions of the 
eoppei iloni, our spectroscopic evidenee i> consistent with the extension ol the co-ordination number 
to MS in a(|iicous solution, and the observed 4 co-ordinated structuie is highly stcrcospecific, being 
obseived only in the eyelopenlanc-1 and cyclobutane-l amino-1 carbi'xylales and the a-amino-iso- 
butyiale In this eonlext some vety much cailicr observations of the colouis of some copper(Il) 
z-aniino-alkanoatcs assume a new sigmhcance thus, Zii insky and Siadnikov in 1906'“’ observed 
" n b CjRAiiiioN and L Munday, / /norg Niicl C/ieiii 23,231 tl961) 

‘■’Cl <\ Barc LAV and b S Sii Ri it ns, private communication 
’ N /it iNSKv and G StAONiKOV, Ber 39, 1722 tl906) 
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* ^ |Mkiii s|K..((a ii( ( 1 ) aijucmi'. (.(,)ppi.r(ll) L)tli>pri'panc*i aniinci- 

1 L.iiboNUali.. (2) aqin-ous toppei(ll) L)-i.lobut.inc-) amino-l tai ("?) solid 
soppcidO Lvsfopmpaiic-I ainino-1 satbox)la(c moiuih)dia(c, (4) soiiii coppsr(ll) 
^-VslohiitarK-l aniiiio-l sarboxylalt anh)'iliiHis Poi i1k solid compounds the 

e\(ini.tion sv.alc is arbiliaiv 


Taull 1 — Visiutr kk.ion ausokition kanus oi toPi'tR(ii) 
( M 1 l< /- SMINO-snil < HU \ris IN AOUIOHS SOI unoN 


/-amino-aeid 

/■n,v 

(mu) 

1 III K 

(u >) 

i 

glycine 

6 to 

1 59 

43 

eyelopropanc- 1 aiiiimi- 
1 carboxylic 

617 

1 62 

51 

eyelobutane-l aniino- 
1 eirboxyhc 

614 

1 6t 

70 

eyclopcnianc-l amino- 
1 carboxylic 

610 

1 64 

66 

eyeloliexanc-l amino- 
1 carboxylic 

()0S 

1 65 

74 

7-amino-isobutyi ic 

617 

I 62 

70 


that coppcr()l|__l^icthjilcycloptiitdni,-l aniino-l carboxylate crystalh/cd from water anhydrous 
in violet plates (presumably another example of (he 4 eo-ordinated struelurc type) and that the 
eycloheplane- 1 aniino-1 earboxylatc could be obtained in three dilferent forms, depending upon the 
conditions of erystalli7ation a violet anhydrous form (presumably 4 co-ordinated), a pale blue 
anhydrous form (probably with a structure of the a-amino-n-butyrate type) and a blue-violct hcini- 
hydrate This evidence clearly suggests that the cyclohcptane ring marks the upper limit of tolerance 
lor the 4 co-oidinated crystal structure 
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2 4hsoiplton spectra of the cyclic compounds in ac/ueoiis solution 

111 aqueous solution all ol our compounds have a single, apparently symmetrical, absorption 
band in the 600 650 m/i region, which we regard as characteristic of 6 co-ordinated molecules, such 
as I Table I shows the wavelengths, frequencies and extinctions of these bands 

The distinct shift ol the absorption band to shorter wavelength with increasing ring size might be 
attributable to the increasing inductive effect of the alkyl side chains on the orbital separation energy 
ot the coppci atom, but we should then expect a corresponding shilt in the open chain compounds, 
which was not observed It thus seems more probable that this shift should be attributed to the 
stcric ellect of increasing ring size in reducing the ligand-field of the water molecules in the fifth and 
sixth positions, thus leading to a successively increasing tetragonal distortion, which remains too 
small however, lor the accompanying splitting of the absorption bands to be observed experimentally 


L speiintental 

Samples ol the copper(ll) chelates of cyclopropane- 1 amino-l carboxylic acid and cyclobutane-l 
amino- 1 carboxylic acid were provided by Drs T A Connors and W C J Ross, Chester Beatty 
Ko>al Cancer Research Hospital, London 

Anaivses weie determined on small samples of materials as follows 


Coppcr(ll) cyclopropanc-l amino- 
I caiboxylatc monohydratc found 
lound C\H|,(),N.Cu requires 

Copper! If) cyclobutanc-l amino 
1 carboxylate, anhyd , found 
^'loHu.OiNiC'u icquircs 

\hsorption spectra were obtained as in 


"oC 

"..H 

■’..N 

"„Cu 

35 2 

4 9 

10 3 

22 4 

34 1 

5 0 

10 0 

22 5 

40 1 

5 4 

9 7 

22 0 

41 2 

5 5 

9 6 

21 8 


part I 


Analvsis loi t" H, N by Hi I C hallen, Umveisity ol New Scwlh Wales 

liioi 'pinii Cfhiiiisliy Dipiii mu III Uiiii (I sil V <1/ IS'ess South Wales D P Graodon 

Ssilius tiisluilia 

I ei liiiiml Cullei^i , Bn kcii/iiiul t ii>j;laitd I MONDAY 


Ihe 1 :l-bcrylliuni(ll) sulpho-dichloro hydroxy-dimethyl fuchson 
dicarboxylic acid chelate 

(Kimvcil 16 Mas I9(»2, m nnsed fot m June 1962) 

Sl I I'l II ) 1 IK I II oRo hyji oxy-dimethy I fuchson dieaibo\\lic acid (trisodniin salt) Cliiomc Azurol S 


C \S) 


Ctf, CH, 



HO 

1 L 

1 'll f ' 1 
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NaOOC 

' 1! 1 1 

c 

COONa 



Cl 1 Cl 
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N^>fc^ 




v/i inil\jti>i 


.mJ ! Ktih’iiiiiiliii, n\t^cnt'‘ , hut if,^ 

„</ '■'/K'7 \ /A/tf/AY ii/ A-i/f /■c/>,>/'U-i/ AAv/mitn ./,///' 

;ti, «■ K' 

I ^ I I I I I i , I III \ll III llhl I’J III ' 

niniposii ii'i 


' 'V//, 


,,,, .ippii'piiaiL vonJ]tji>m Fhis LOmmun/cMtan 

n iiki I'/ ^ i-hcLite JihI indicjlCi it'^ jrijlytiuil possihihi 


ih 


/ \pi iiiiwnliil 

^olution^ of UlSO, (HDH AnahiR) .ind C A indicJtor lii^odniin sail f"i)J(>ur Index 72d) 

WLii. puparid in dinihlv-ilislillcd CO.-htc v»jitr In \itv» d) iIk n.iiii/t o/ t/ic rca^’cnt as a colloidal 
(.IctiioKic “ solutions were is lU ‘M '^bsoibanct measiiieinLiils were Ciirritd out wi'h a L/iiicani 
sr ‘iOO Spcelrophotometer against distilled water blanks 

I leclrieal conduetanecs weie measuied with a 1 ceds anet Noilhriip Keihliausch slidewiic with an 
audiu-lie’mienev oseilLikn and a dip-type* ee'll Hydiogcn-ion conce'ntrations weic measuied with a 
I teds and Norlhi up direel-reading pH indieator Ml cspcnmenls were eairied out at W 001 t 
The total eoliinie ol all the inislures picpaied loi the mcasurcme'iits was kept at SO ml pH was 
adjusted to 6 0 0 2 by addition of hvelroehloi le aeid or sodium hydioxielc, and lonie strength kept 

eonstant at 0 I with soeliuni peiehlorale 

The eomposilion ot the ehelate* was r>htained by (i) the method of eonlinuous vai lations"*' (using 
absorbance as well as elcetrieal eonduetanee' measurements), ( ii) the mole ratio method"'” and (in) the 
s(o]ic ratio method’"' (boiti using absorbance measurements) The apparent stability constant was 
ealeuiated Ironi the ahsen bailee data using the iitodihed method o( Anolrson ct ol as adopted 
b) Di y and eowoikcis""'" ' ", ,ind lurther eetrroborate*d by the mole latio method as suggested by 
H vkvts and M snsim,"” 

Krsiilrs and DtsaoMon 

Colenii (oimation was instantaneous .tnd the intensity remained constant for at least 72 hr No 
.ipprce table ehange in eibseisatioiis was (otind to occur when the Older of addition ol the leagents was 
alternated 

1 he method ot Vosin ncai and ( <m)I'I k was lollowed to detei mine the nature of the complexes 
formed in solution 1 he reagent alone shows a maximum absoipiion at 425 m/i at pH 6 0, while 
mixtures containing \aiying pioportions ol BeSO^ and CASH 05,1 1,1 2, 1 T etc ) had 7ni is at 
540 m«, showing that only one chelate is lormed in solutmn under the conditions studied 

Table' 1 summarizes the results Iroin the method of continuous variations using absorbance 
measuiements, and T'lg I shows typical mcasuiements in one senes 

Results obtained by the other methods mentioned above cisrroborate the composition ol the 
ehelate 

Mtasuremeiils at ddferent pH values ami at various wavelengths indicate that the tficlate is stable 
between pH 4 50 and 7 50 ix remauiing constant wjthin this lange t'f pH T he colour intensity is 
maximum between pH 4 5 and 6 6 Values ol log K deleimincd by two ildlerent methods are in 
close agreement ( 1 able 2) 
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Table 1 


f 10^ 


1 xperiment 

Curve 

(M) 

P 

1 

A 

3 33 

I 00 

(fig I) 

B 

2 50 

1 00 

C 

2 00 

1 00 

2 

A 

3 33 

I 00 


B 

2 50 

1 00 


C 

2 00 

1 00 


A 

5 00 

0 66 


B 

1 66 

I 50 

4 

A 

5 00 

0 66 


B 

1 66 

1 50 



Volume of 

Composition of 


BeSO, (ml) 

the chelate 

) (m/() 

at peak 

Be CAS 

540 

25 0 

1 1 

540 

25 0 

1 1 

540 

25 0 

1 1 

525 

25 0 

1 1 

525 

25 0 

1 1 

525 

25 0 

1 1 

525 

20 0 

1 1 

525 

10 0 

1 1 

540 

20 0 

1 I 

540 

10 0 

1 1 


I i(. I Dctci iTiination of composition by ab- 
sorption spectra studies of eqiiimoleculai solu- 
tions at S40 ni/i, pH 6 0 ' 0 2, /, 0 UNaClO,). 
6uiveA,c 133 ■ 10 ' M, 

( urve B, c - 2 50 10 ‘ M, 

( iirvc t, f 2 00 10 ‘ M 



Tabi f 2 


Method 

pH 

Ionic strength 
(M) 

log K 
(30 C) 

AG ‘ at 10 t 
(A cals ) 

Method ol Di Y 





el a! 

6 0 - 0 2 

0 1 (NdCIO,) 

4 4.04 

6 1 0 2 

Mole ratio 
method 

60 J 02 

0 1 (NaClO,) 

4 7 ' 0 4 

6 5 0 5 
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Note'. 


. ioi the rcJttcnt .ilonc s/,//fs Hum 42^ m// m j nciiiml or ^hghtly medium lo 595 ny, , 
a stromylv alkaline medium, m wIvlIi the phenolic Indro^eii will be loni/cd Hence it is likely ih.n 
cheldtion in the present c.isc inv olves the phenolic o\}gen and the adfUeent car i^'ty le i>\ygen and net 
the ifiiinoid oxygen and the owi^en ol the ad/aecnt Liirhovylie gioup, since Amix tor the chelate is 
dt ^40 ni/i (nedrer lo ^40 ni/i than 425 m/i) This vvou/d lead Ii> the tormation ot an anionic complex, 
\vhis'h has hcen conhrnicd hv the complete adsorption ol the \iokt ei'loiir by the lon-cxchangc resin 
Ambtililc m-45 (Ofl) 

Aiinl) lutil npplicaliMo 

1 spenmeiils wen. peifonnui to test the suitability of thcehclalc lor the colorimetric deurminalion 
ol beiyllium Beer s Lau is iibcyed w ith 0 Of -0 p p m of beryllium in presence ol excess reagent, 
with consistent results over a wide range ot teinpeiature between pH 4 5 and ft 5 The reaction is 
highly sensitive, the Saneiell sensiiiv ity being 0 0004 ‘ij'/cin^ and the praetical sensitivity being 0 0045y/ 
em- Copper, aluminium, iron uianium thorium, /ireonium, palladium, borate, oxalate and citrate 
inleifcrc in the ifelermination 

At know Icdyiiiiiil The aiilhois aie thankful to the Council of Seicntifie and Industrial Research, 
Govt ol India, lor supportim^ the work and tor the award i^l a research fellowship to one ot them 
<S ( S ) 

C IwniHtil I uhouiloi ic s S C Srivasixvv 

I'/iH'iisiti of AlJa/itibad A K Dry 

Alluluihad India 


Conversion coefficient for the Ir’ '-" transition 

(Rert'ii'id 6 Jn/te 1962) 

BirAt'si of lack ot exact mioiination eoneerning IhceonversuHi eoclheient tor the 57-keV transition in 
the decay ol the 1 4Vmin isomer li it was impossible to measuie by diiect ’-lay counting, the 
cross section (or its fornuiion by neulion capture Determination by an alternate method ol the yield 
ratio for tormation of the isomeiie pair Ir'*- permits an indirect evaluation of the eonvcision 

eocllieient I he direct methods for deiciminalion ot the interiial conversion eocllkitnt aie difheiill 
because ol the high numerical value, the low energy ot the X-rays emitted (T-X-rays, energy ~I2 
keV) and the short hall-lilc ol the isomer Ricviously leportcd results gave a lower limit ot 10<K) loi 
the total conversion eocHicient'^' and a lower limit ot 870 for the T-subsItell conversion coelhcicnt 
Siiv'^' and Rost'” have piedicted a value ol 2080 lor the /.-eonvcision eoellicient, and Rosi"* a 
value of 12‘'0 tor the M-eonvcrsioii eocllieient lot this TI liansilion 

rXPLRIMl NT At 

The most important step in delet mining the conversion eoeiricicnt by the indneet method here 
described is the determination of the yield ratal for the isomer pair. Ii'"-"' and Ir’’’’ The yield ratio is 
defined as the lalio of the cross sections lor formation of (he two isomers by thermal neutron activa- 
tion of li Prev loiisly leportcd values (0 V7 and 0 84)‘ ' *■' aic in disagreement with the rule'"' that the 
isomer most favoured is the one with spin closest lo that of the compound nucleus In Ir’'" capture, 
the spin ol the compound nucleus is 1/2 1/2' ' and the spins ol the isomers are I and 4 lor the uppei 

and lower states respectively Our measurements (which will be discussed fully in anothei paper 
currently in prepaiation) gave a value for the yield ratio of 2 0 0 1 using a And coineidenee 

counting technique in a direct measurement 

After determining the yield ratio, the determination of the conversion cocfTicient is laiily stiaighl- 
(orward A sample of 8ft per cent enriched Ir'*' was irradiated in the reactor for an accuiately-lmicd 

C WlitiR, Z Vrdi/i/ , A9, 1 15 (1954) 

"" J P Mizf, M L Bunkfr and J W Siarmer Ph\s Rii 96,444(19.54) 

L A Suv and I M Coefjuientsaf Intemal ( oiiici sum oj Gumma Radiation, Pai t Z /..-shell. 

Published in USA as Report 58-ICC-Ll University of Illinois, Physics Dept , Urbana, Illinois 
(1958) 

M r Rosi, Intel nal Coniersian Coejjuienls. Intcrscience, New York (1958) 

"" D J HtJGHLS and R B S( hwari?, Aeir/row Cruif Acf/w/is, USA tC Report BNI -325 ( 1 958) 

O Scharef-Goldhaber and M Me Kiown, PAyv Rev Letters 3, 47 (1959) 

'■’ £ derMaffosian and M Goeejhablr, i Rn 108, 766 (1957) 
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1 min period at the same position in the reactor as that used for the yield ratio determination As 
soon as possible after removal (usually about I 5 min) the sample was placed in a standardized 
position in a y-ray spectrometer connected to a 256-channel analyser and was counted for 10 min 
This period is sufhcient for the decay of over 99 per cent of the 1 45-min activity originally present 
Another 10 min count followed and was subtracted from the hrst The amount of activity produced 
was kept sufficiently low so that there was a dcad-time correction of less than 1 per cent A clear 
determination of the number of counts in the 57-keV y peak was thereby possible This was converted 
to the absolute number of y’s emitted using corrections for efficiency,'"’ peak-to-total ratio,'"' 
iodine X-ray escape,”” and absorption This number multiplied by the conversion coefficient (when 
the value ot the latter is very large) is equal to the number of Jr’"”’" nuclei present at the beginning 
of the count It is then possible to calculate the activity of the Ir’"””‘, as a function ot the conversion 
coefficient, at the moment of removal from the reactor The sample was counted again 1 week later 
(to .illow any 19 hr Ir"" present to decay) in order to measure the activity of the 74 5-day ground 
state of Ir’”” This determination was made using the 315-keV y peak and comparing it with an Ir”” 
sample standardized in a Anjl-y coincidence counter The relationship used to calculate a, the 
conversion coefficient, was derived by employing the equations 

e (1) 

'Tj. [(A,rW,t)]K ( 2 ) 

vsbcic 'i,„ IS the cross section for the formation of the 1 45-min isomer, Uj is the total formation cross 
scslum lor the Ir’"" isomers, and refers to Ihe activity of ihe upper state and to the total 
activity (m (erms of the long-lived state) at the time o( removal Irom the reactor, 2,„ and A, are the 
decay constants of the upper and lower states, t is the duration of the irradiation, and AT is a constant 
which includes the neutron flux and the number of target atoms in the irradiated sample For 
2 0, n,„jaj 0 67 zl„,„ )'„a, where y„ is the rate of 57-kcV }’ ray emission at the iime of 

removal from the reactor and % is the total conversion coefficient for the process Making these 
substitutions, dividing equation (1) by equation (2), and rearranging, one obtains 

ot -[0 67(1 - e-^m'UcAK/At) (3) 

RbSULFS 

Two dctci initiations were made giving a 3430 and 3390 with an average value of 3400 -h 300 
The ciror quoted represents 95 per cent confidence limits and was obtained by conservatively esti- 
mating the crrtsrs associated with each term of the expression (3) given above This is in very good 
igrcerneiit with the value 3310 estimated Irom Si iv's and Rose’s tables ” 

B Keiscii* 

Phillips Pcliu/etiin Company 
ilomic Ineryy Dun sum 
I laho I alls, Itlaho 

* Hicscnt address Nuclear Science and I'ligineering Corp, FOB 10901, Pittsburgh 36 
l’cr,ns\lv,ini i 

R L Hixih, SciiUillalioii Spectromeliy Gamma-Ray Speitrum Calaloipiic, USAEC Report 
100-16408(1957) 

" P Ami, Cstape Peak Coneclions to Gamma-Ray Intensity Measiirenunts Made with Sodium 
loduh Cissials, USATC Report BNL-271 (1953) 


Oxidations of the iodide ion in concentrated hydrochloric acid solution 

(Received 13 June 1962, in levtsed foim 17 July 1962) 

HI ultimate oxidation of the 'udide ion to iodine nionochloride by potassium lodate in concentrated 
lydiochloiie acid solution was shown to occur by Andrews" and may be represented by the half 
eaction 

1- ->I‘ d 2e 

’ I NV AisDRrws, Z Anory Ghent 36,76(1903) 

’’ 1 W Andriws, y Amet Chem Soi 25,756 (1903). 
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Notes 


r fio inciiiod ha*. Ncii cxitiiJed ii> i/i<. indued deierminadnn o/ ehronudes, '' ’’ L/j/nrates, and 
i.ci(ai[i lusher onnles ' ’ 

1 mlIliuu to suppoit the two stage oxidation of the iodide ion in eoneentrated hydrochloric acid 
sokiuon that is I ► tl. - e and ilj — I h e, is provided by the strong brown colouration ol 
iodine observed during the titrations ut potassium iodide solutions with potassium lodate, lollowed 
by the pale biovvn colouration ot the iodine monoehlonde which bceomes apparent as the brown 
eolour due to iodine disappears While many sludies have been eoneerned with the oxidation of the 
iodide ion under these eondilions, little attention has been given to determining at which the second 
stage becomes pionuncnt I King solvent exliaetion and spectroscopic leehnicjiics, the oxidation ot 
die iodide ion in eoneenlialed hydroeliloris acid solution by potassium lodale, polasssiumdiehromate, 
ehroniiuin trioxide, lead diovide and manganese dioxide has been studied 


! MTRIMl NTAL AND Rl SLILfS 

I fii/i 

Rotassuiin iodide, potassium UHlate, potassium diehromate, chromium tiioxidc, lead dioxide and 
mdine were all of A R grade loilme monoelilorielc aiiei manganese dioxide Were puiehascd from 
Hopkin and Williams I td , ihe killer being ol ihe.r G R R giadc 

fvitii 1 Omdmionoi lonini ion iiv vmitoi s oxidizino munis 
(Show ing viefds ol l.,inel I 1 
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* Millimoles oxidising agent added to 25 ml K1 (OO'AXi M) 


1 0\u/aHon of the lodnJe ion hv potassium loctale, polassiiimctichi ornate, cliioniiitm tiioxide, lead cIioxhIl 
and manganese dioxide 

Iwenty-five ml potassium iodide solution in deiom/ed water fO 0996 M) together with 50 ml eon- 
eenlrated hydrochloric acid (sp gr 118) were mixed with a measured volume of potassium lodate 
solution (0 025 M) or a suitable weight of each oxidizing agent in a 250 ml glass stoppered flask The 
contents of the flask were extracted with 8 to 10 ml portions of carbon tetrachloride until the organis 
layer was colourless The combined carbon tetrachloride extracts, after addition of 25 ml hydroehlons 
acid (sp gr 1 18), were titrated with potassium lodale (0 025 M) The aqueous layers were separaUiv 
titrated against potassium lodate (0 025 M) 

A I \ckjII, A Texthook of Quantitative Inorganic Analysis, Tird Edition, p 374, l.ongmans (1 961 1 

R S Dean, Ojfw Acwv 111, 2 (1915) 

G S Jamieson, f/olumetnc lodate Methods, p 40, Chemical Catalog Co (1926) 
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Ndtcs 


( oi Weight ot d\Kli7iitg agent scle*cleei anel without solvent evlraetion the tttration was 
le'peMteJ, w hen the v olunie ol pot issuim loilatc mateheel that lequiie'el lor caeh ol tlic separate titration 
at the s line weight 

table 1 summan/es the vieltis of iodine 1 1_) anel iodine monoehloi ide [It i I )J lor vanous conccn- 
tiations ol oxidi/iiig agent and I ig I illiistiales the eharaeteiistie linear inercase in iodine (b) conecn- 
iiaiion front 7eio to a maviniuni with a subsequent tail in itscoiiecnlralion ei'iiplcd with an increase in 
tile leieiine [It I)] eoueentialion 



A. 3 ^Mi- j n r m * lO 

bio 1 Absorption spectra at vaiieius points in the oxidation of 'odidc 
ion by potassium lodaie 
A 0 125 mM KIOj 
H 0 Sa) niM KIOj 
C 0 875 niM KIO, 

D 1 25 niM KIO, 

2 SfXilioscvpu nn u suu »ti nls 

All spectra were recorded between 50,000 cm ' and 18,000 cm ' using a S 1* 7tX) IJmcam Record- 
ing Spectrophotometer ] cm silica cells vvcie used and the reference solution was a 50 65 mixtuie 
of concentrated hydiochlorie acid (sp gr 118) and deioni/ed water 

ta) Spectia of iodine, I3 , and iodine monoeli/oridc 1)03 g iodine was dissolved in 115 ml of the 
reference solution and an aliquot examined spectroscopically The spectrum is illustrated in Fig 
2(A) 

0 30 g iodine together with 25 ml potassium iodide (0 0996 M), 50 ml concentrated hydrothlorie 
acid (sp gr 118) and 40 ml deioni/cd water were made up to 230 ml with reference solution The 
spectrum of a ten-fold dilution with reference solution was recorded and is illustrated in Fig 2(B) 
Fig 2(C) illustrates the spectrum recorded ft>r an aliquot of a solution of 0 03 g iodine mono- 
chlonde in 100 ml of the reference solution 

(b) Specira of potassium lodidejpolassiiim mdate riii sriires 25 ml potassium iodide (0 0996 M) and 
50 ml concentrated hydrochloric acid (sp gr 1 18) were mixed with measured volumes of potassium 
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lotlate (0 025 M) and made up to 115 ml with deionized water, except that with 50 ml potassium 
lodale. Fig (3D), the total volume was 125 ml hath mixture after a ten-fold dilution with the refer- 
ence solution was examined spcctroscopitally The spectra are illustraled in Fig 3 

(c) Spectia of potassiiiiniochdelcliiomiiim t! loxuie nu\li4ie\ Known weights ol chromium tnoxide 
were reacted with 25 ml potassium iodide (OOWO M), 50 ml concentrated hydrochloric acid (sp gr 
118) and 40 ml deionized water A ten-fold dilution of each mixture in the reference solution was 
spectroscopically examined and the spectra are illustrated in Fig 4 



o, ‘ 20 


Wj t 'crglh cn. ' x 10^ 

I II. 4 Absoiption spcctia at \jiioiis points in the oxidation of iodide 
ion by thiomitim trioxidc 
A 0(.00 mM CrO, 

B 0 sot) mM CiOi 
C 1 20 mM CiO, 

DISC USSION 

In iIk oveiall reaction lodmc can be present m at least three forms, namely, I,, I 3 and 1 (or its 
sarn us stabilized forms) Lowry et ol have shovsn that, in aqueous solution, 1. has a maximum in 
Its .ihsoipiion spectra at 21 500 cm ' and I, a maximum at 27,8(X) cm ‘ The spcctia illustrated in 
I ig 2 show maximum absorption for 1 , at28,400tm ‘ (cuivc 13) and for I 2 at 22,80Ccni ’ (curve A) 

I hese dilkitnccs can be attributed to the tact (hat the solvent used is an at|UCOUs solution ol hydro- 
hloiic acid Slice shills til this older have betu observed for these species in other solvents 
lhat the intense absoiption at 29.200 cm '. Fig (2C), also observed by Gillam and Morton 
s due to the complex 1C 1 HC I or its anion, IGF . is supported by Faull and Bafoksi rom'"’ who 
uaiiUam the cation I ' is present in negligible concentration, or even absent, as is also suggested by 
loRiiix CiiAssand I uoss 

F L (iiiiiiri,R R Got usruN and T M Lovvry,7 Chem Soc 1092 (1931) 

'’R A Zinoaro C. a VANDHt Wi kf and J KLFiNBbRo, Z Amei Chein Soc 73, 88 (1951) 

"’A I Cm LAM and R A Morion, /Vot Roi Soc A 132, 1 52 (1931) 

J 11 I Aoi ' and S Balc rsfrom, Z Amcr Chem Soc 54,620(1932) 

G S foKBis, S W Cl LASS and R M Fiioss, Z Amet Chem Soc 47,2892 (1925) 
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Note’s 


1 he tiiidl ptodiKi in ihe o\idatioii of the iodide ion has been arbitral ily represented as I ' but this 
IS tiniiratv to experimental evidence "* * StabiIi?ation ol I( ' I ) can be achieved by the formation 
ol tile 1C l_ anion"" thus 

1 , 2CI ^ ICi, (2) 

nuiiti" the oxidation ol the iodide ion any I( 1 1) formed could be stabilized by unreaelcd iodide ion 
since iodine is only slightly ionized in polar solvents 

1, 1' 1- O) 

VV liile the lattei nia) piobablv oeenr initially, a stage is reached where the iodine yield is a maximum 
(I.iblc I, tig 1) and no I is .iv nlablc lor this reaction to proceed luithei There is, however, 
a consideiablc conee'iilration ot ehlotidc ions available for inlcraelion with 1+ to yield ICh 
(equation 2) 

The steady linear me lease m ukIiiic eoneeiitratioii from zero to a maximum of 2 49 millicquivalcnts 
when pot.issium diehiomatc ehioinium tiiosidc, lead dioxide and manganese dioxide arc added to 
pot.issium iodide ( fable 1) is consistent with the view that 1' is unstable in the presence of the iodide 
ion or is not prodiKcd tn either ease, the iodine can be regarded as hav mg been pi oduecd according 
to the hall equation I c - >■ 1 1 , At this maximum eoncentration of iodine, the iodide ions have been 

eompletelv consumed as is eonlirmed by the absence of the 1,^ absorption m the spectrum at 28 400 
em ' in the ease of oxidation hv chromium tiioxidc', (fig 4 curve B compared with curve A) When 
the oxidizing agent is present in .i mounts in excess of those icqiiiicd to consume the iodide completely, 
theie IS a stead) tall in the iodine concentration coupled vviih an increase in the lodmc { ' 1) eoneen- 
II at ton as show n by titration sludies (Table I) and the appearance rif theehatactcnstie ICh absoiption 
at 29 200em ‘ (fig 4tl 

When potassium lodate is the oxidant, there is a similai linear increase in K'dine concenlialion 
(rom zero (T,ihle (, f ig I) Spcstroscopiecvidenec (hig 3) confirms the titration studies inthatgood 
resolution of molecular species .it vai lous stages in the reaction and, in particular the additional yield 
ot iodine pioduced by the icduction ot ttic lodatc (curve B). is clearly shown The similaiily of the 
absorption cutve corresponding to complete oxidation to iodine ( 1) (cinve D) to that ot iodine 

mofiochloi ide (I ig 2C) is also nulcd 

CONCLUSION 

The above spcctri'scopic solvent cxtr.iction and volumetric studies conlirm that the iodine ion, in 
conccnlralcd liydiochloi ic acid solulion, is oxidized by potassium lodnte, potassium dichromate, 
chromium Irioxidc, lead dioxide and manganese dioxide in two distinct stages The hrst stage 
corresponds to the oxidation to iodine whilst the second stage corresponding to the oxidation ol 
iodine to the 1 state, docs not achieve prominence until the iodide has been totally consumed 

Ackno\i!eili'i>u'rir 1 he authors tb.ink Mr 1’ f Lli is for experimental assistance in rccoiding the 
absorption spcclia 
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Col funs Folk, Caidiff 
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The attempted preparation of AmFp,* 

(Received 3 July 1962) 

Tiir hcxavaicnt"' and pcntavalcnt''*' states for Am are well established, the Am is most probably 
present in the form of AmOj' andAmOj' respectively"" The highest valence for the binary fluoride 
that has been reported is IV This was made by direct fluonnation of AmFj up to a temperature of 

* Based on work perfoimcd under the auspices of the U S Atomic Energy Commission 
L B Asi’Riy, S r SibPHANOo and R A Penneman, J Amer C/iem Soc 72, 1425 (1950), 
73, 5715 (1951) 

L B WiRNFRandl Perlman, / Amer them Soc 73, 495 (1951) 

L H Junes and R A Pennfman, / Chern Phys 21, 542 (1953) 

'"LB Asprey, y Amei CItem Soc 76, 2019(1954) 
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500 C An earlier attempt to prepare AmF, by fluorination of Am (III) fluoride at elevated tempera- 
tuivs had been unsuceessful Thermal data indicates that the tree energy change for the reaction, 
Aml|(r) r AmF 4 ((),is - 22 kcal/M at 1000' K in agreement with the successful preparation 

of the telrafliioride Similar considerations suggested than AmFr, could also be prepared However, 
when an Am (V) compound was heated in up to 500' C, KArnF, was produced 

Although I’uFf, IS unstable with respect to PiiF , and Fj, it has been produced by heating PuFi in F^ 
under special conditions It, therefore, seemed reasonable to attempt a preparation of AmF^ in 
this way However, when a mixture ot AmOi and PuFj were reacted with Fo, under conditions that 
produced PliFk in 90 per cent yield, the americium was lelt behind as the tiifluoride Subsequent to 
tins failuic to pioduce AmF,,, PtF,„ a less stable hexafluoride than PuF^, was prepared Prior to this 
synthesis of PlF„, the existence of a hexavaicnt state foi Pt had not been dchmlely established No 
hexavalcnt compounds of Pt were known in solution, and the only solid ones involved polyvalent 
elements lor w hich there is the likelihood that the valence of Pt is less than six This preparation of the 
vciy unstable PtF,, then stimulated this lurthcr attempt to prepare AmF,„ using the techniques that 
had been successful foi PtF,, 

"ks ameiiciuin is available only m small quantities, and bearing in mind the radioactive hazards 
associated with handling the element, it vsas decided to work with samples containing not more than 
I nig of americium If this wcic quantitatively eonvci ted to hexafluoride, the amount produced would 
be loo small to be handled without loss in the conventional apparatus used in this laboratory It 
was, theieforc decided to attempt the preparation ol AmFf, and PlF„ simultaneously, the PtFo being 
prepared m larger quantity and seiving as a earner gas for transfciring any AmF,, formed to a con- 
lainei m which it could be collected and analysed For these experiments -^’Am, half life 458 year, 
was used 

\ brass reactor similar to that dcseiibed by WriNsiotk, Maim and Weavui"’ was used m the 
hist SCI ICS of experiments Amei leuim in mtiie acid solution vvas deposited inside a platinum U-tubc 
and the solution evaporated to dryness fhe- lube vvas slowly heated to convert the nitrate to the oxide 
I he ends ot the U-luhc were eonneeted to e’leeti nally insulated terminals The icactor was immersed 
in liquid nitrogen and ehaiged with pure fluoiinc gas The fluorination of the platinum was initiated 
by passing an clcelnc eurient thiough the platinum lube When tins reaction stopped, the unreacted 
tlLioiinc v\as pumped out, the reaeieu was wanned, and the volatile rnateiial was condensed into a 
glass s implmg lube Upon hydrol)sis, no ameiieium was lound in the volatile pioduct 

1 o lest the leasihility ol this preparative method fuither, the experiment just described w.\s repeated 
wilh the platinum lube containing a mixture ol both plutonium and americium Neither of the 
I ndioaelivc elements was subsequently found m the volatile product except m very minute quantity 
and tills method lot the prcpaiaiion ol AmFo was then abandoned 

A lui tlicrai tempt vvas made in a modi tied typeot biass reactor m which a mixtureof plutonium and 
.iniei K nun was placed in a small nickel eiueible Ihis eiueible was suspended inside ol a nickel coil 
which was eoiiiicctcd between the eleeliodcs in the reactor By passing a euirent through the nickel 
toil the crucible could be heated to a bright ic'd colour This teehiiiqiic was also unsuccessful for 
piodueiiig any conclusive evidence about the loimation eif a volatile anicneiuni fluoride 

111 the hiial senes ol cxpei inieiits il was decided to ti y to obtain higher reaction temperatures T be 
le itloi used lor this work consisted t)t a quailz cylinder provided with an intciiial q aartz cold fingei 
I lie n ivluic ol amci leiiiiii and pluloiiiuin vvas placed in a shallow annular nickel tiough located a lew 
mm helow I he underside of the cold finger I he nickel tiough was healed inductively Both the cold 
lingci and the walls of the leaelor weic kept at liquid mtiogen temperature duinig the heating ol the 
I'liiln imin ."s.t imcrieiLiiii m a fliioi me almosphcre A volatile product was observed to lorm and lo 
condense <iii the walls and cold finger of the reactor This product was Iransferied to the sampling 
system ind hydrolysed and analysetl Radioassay showed the aetiv ity lo be due entiicly lo plutonium 
Washings taken Irom the leactor ilscit aeeeniiited lor all ol (he americium originally present 

I Ik R.ieloi used in these linal expci imcnts was subsequently used to make the first preparation of 
Rul , and Kill These compounds had not been produced in prcvieius attempts with a PlFc 
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f J Manoihu RG, H K Rai . R Hursi.G LoNt,, D DAViisandK h Irancis, y /nurg Suet 
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B W'liNsiocK, H H CiAASsEN and J G Maim, J Amer Chem Soi 79, 5872 (1957), B 
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LETTERS TO THE EDITORS 


Some pentachloro-n-alkylamino-triphosphonitriles 


{Received 2 August 1962) 


Tm well-known aininolysis ol hexathloro-lriphosphonitnle ordinarily leads to the replacement of 
two, three, four, or six chlorine atoms '* Observations that this reaction is a stepwise process and 
that the product is commonly controlled by the quantity of amine used suggest that all of the possible 
aniinolysis products may be iscilatable It is of interest, however, that of the possible mono-ammo 
derivatives, only a few obtained from simple and cyclic secondary amines,'’ esters of ammo aeids,'®’ 
and tihylcnciminc'” have been described We have found it possible to prepare such derivatives of 
primary n-alkylammcs in substantial yields by treating the hexachloro compound with the amine in a 
1 2* mole ratio in an ether-water system 


I XBLl I — PROPERTirS Oh SOME PEN I At llLORO-«-ALKYLAMtNO-l RIPHOSPHONITRILES 


Analysis 


Compound 

M p 

Bp 

Yield 






(C) 

I C (mm Hg)l 

Ci) 


C 

H 

N 

N,P3CI,,NHCH3 

69 


10 

Calc 

3 50 

1 18 

16 37 




Found 

3 63 

1 21 

16 74 

N,?/ I.NIlCH^CHj 


1 05(0 05 mm) 

23 

Calc 

6 73 

1 70 

15 72 




Found 

6 36 

I 65 

15 78 

NJ’A 1 N1I(CH,)3CH3 


137(1 75 mm) 

53 

Calc 

9 72 

2 '8 

15 12 





Found 

9 79 

2 31 

15 30 

''I,P3C1,NH<CIK),CH, 

— 

1 10(0 05 mm) 

56 

Calc 

12 49 

2 62 

14 84 





Found 

12 49 

2 65 

1431 

N.l^Cl NlKCHJ.CHj 

— 

1 1 5(0 05 mm) 

37 

Calc 

15 07 

304 

14 06 




Found 

14 81 

3 00 

14 28 


In a typical synthesis, 50 g {0 143 mole) of hexaehlorotnphosphonitnle was dissolved in 300 ml of 
lieihvl ether and 200 ml of an aqueous solution containing 0 34 mole of the amine* was added drop- 
I ise with vigorous stirring When the reaction was complete, the ether layer was removed, dried with 

* for gaseous amines, an aqueous solution of the hydrochloride was used, followed by dropwise 
ddition ol a dilute sodium hydroxide solution 

' I 1 Aoijrieth, Rci Chcm Prii^i 20, 57 (1959) 

’ M Bn Ki -Cioi iiRiNti K John and h Flock, Z Anoig AUgem Chcm 302,103 (1959) 

' S K Rav and R A Shaw, J Chern Sot 872 (1961) 

’ R A SiiAw', B W Fir/stMMONS, and B C Smith, CAerii Revs 62,247 (1962) 

' S G Kokaiis, K John, T Moelier and L F Aodrieth, / Inotg Nucl Chem 19, 191 (1961) 
’A A Kropachi VA and L F Mukhina, Z/nii Obshchet Khun 31, 1036 (1961) 

'A \ Kropachlva and L h Mukhina, Z/i«/ Ohihthei Khint 31,2437 (1961) 

229 



230 


LctUis to the tditois 


Lcilcium LhlonclL aiid lilttrcd 1 vaporalion ot ihccihcr left a colcnii less oil or solid that was purilicd by 
IraLlioiial distillalioii tir sublimation 

Data dtsLiibiiip Ihu piodusls oblaincd are sumniari/'cd in the Table 1 

\Vc thank the in.ilcnals I aboratory ol Wright Air IXvclopment Division, Wi ight-Patterson An 
I orec Base Ohio (( ontraet A.T-33(f>lfi)-7yi8)lor hnaneial support e>l this research 


tmu 1 1//1 of ltb>un\ 
( ithiiKi lllinoi\ 


r MoriirR 
S Lcnoox 


Ihe trtsfal structure of sonic compounds of the type 
1 iMe^^Me' O, and LiMe^'Me’ O, 


iRtniitil i 1962) 


Is ill! eotiisc ol an inscsliaaiion ol eompininds with spinel stiueturc \\c have tried to prepare a luim- 
bci of compounds ol ihe t}pe 1 iMc’' Me’’ O, Some of these are already known, viz LiCoV'O,"', 
l.iNiVO,'" iriiRhO,'-’ 1 iV.O,'*’ liMiijO,'*' LiGeCrO/ > and LitreRhOj' ' 

All samples were ptepaied hy sintering an iiitiniatc mivtuie ol the appropiiate osidcs (or catbo- 
nalcs) the atmosphere and tempe'raturc depending on the constituents \-ray diagrams vvcrc obtained 
with CoK^ radiation on a Philips dilhaeietmeici 1 or compounds uiih spinel structure thccalion 
distnbiition was calculated tri'iii the intensities ot the X-iay icHcctions (possible error about A 
survey ot the results is given in Table I 

In addition to the tabulated data the following espenmenlal taels arc noteworthy 

1 Jn I iZnNbOj the /it' ions may be replaced up to 80, 50 and 20 percent by Co“', Mg-' and 
NP' ions respcetivel) The former two ions enter the tetrahedral sites, Ibe nickel ions, however 
occupy the octahedral sites 

2 The X-ray diagrams c'l Li/iiSbO| and i iCoSbD, show the well-known spinel reflections In 
addition a great number ol reflections were found which could be indeved using a tetragonal unit cell 
having rjit J with i equal to the coll edge ot the spinel unit cell We assume at present, that these 
extra lelleetions arc superstructure reflections, brought about by an order in octahedral sites between 
the dualenl and pcniavalent cations Presumably owing to the superstructure, two ot the cube edges 
of the spinel unit cell are tnpled tv) get the unit cell of the oidered struetuie We will try to determine 
the structure in the near luiurc 

Since a m<irc eslensivc study on some properties of spinels is in preparation, we finally give onlv 
two short eominevits on the results 

In the first place it is sinking that all I iMe" V’ t), compounds oblained so far have the same 
streicturc as the corresponding McjGeO, compounds ( fable 2) Our fladurc to piepare LifeVO, ma) 
be due to the fact that the f e- and V"- ions are preibahly not coexistent 

In the second place it may be remarked that the oxygen polarization energy m spinels with Li ions 
on the telrahcdral sites will he one ot the important lactois which determine the cation distribution 
Since the amon in this struetuie is surrounded by one (etrahcdial and three cKtahedral cations, (he 
oxygen polarization energy will be exceptionally large it the charge of Ihe telrahcdral ion is 1 and the 
average charge ot the octahedral u>ns If J Smii and eo-vvorkers of this laboratory”'" have drawn 
attention to this fact tor 2 3 spinels (i e Me- Me.’’ D,) 

1 hanks arc due to Mr C J M Rckjymans for carrying out the high pressure experiments 
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Ixtti-is to the editots 


Preparation of (-ft-dinifrobis(cfh}lencdianiine)cobalt(lil) nitrite 

( Ki t (’ll cel I 3 ■line’ll'./ 1 962 ) 

Si \ 1 K \i piLpjrations ol sails ol llii. [C i>(on)j(NO_l_.| ' urn li i\i. been iLpoitcd in lln. literaluio I lie 
most usual is that ol W [ rm k " is modilicd b\ II(ili/(I \u lI ill beginning with potassium 
hexanitiocoballale However ihis nielliod his several dis idv aiilages nieludmg a starting material 
wineb IS dithsLilt to piepiis in Inpli pinitv and to di> ihinoughlv ciitieal tenipLiatniL vontrol, and 
low \ itld 1 12 1 5 pel eel It ) Sinee Ihe eompoimd is luit only interest mg in its ovv n i ighi, being stable 
and resolvable hut is ilso the lesoK nii; a^enl reeeiitlv applied most siieeesslullv to the lesolution ol 
the ellnlene-dinitnioleii.iaeel itoeoballale nni a simpler sv'nlhesis is desirable A method using 
ri(//is-dielilorobis(elh\ lenediannne leobaltl 1 1 1 ) ehlortde lequiies a mueti shortei lime and is .it least 
tvviee as ethcienl 

I \l>l RIMLN 1 \L 

Thiitv glams ol iimo-diehlou'bis(elhvlenediamine)eoball(lll) ehloiide " aie dissolved with 
magnelie sliri ing m I 50 ml eold I Ijti W ben the salt is dissolveil the solulnm is eooleel to about 12 
m an lee-sall b iib and 1 14 g <'l poweleieel N iNO_. adeleel ovei I en 2 mm while stii i mg laiily rapidly 
'I he solution ehanges liom tn e’en to red and beloie all the s lit h is been idded is bright tilange-hrow n 
with the suspension ol the elesiied i/s-s.ill The mixture is eooleel and stirred 30 mm longer, filtered 
qiiieklv the preeipilate washeil onee with 20 30ml ol eold w.iier twice with 20 30 ml portions of 
absolute elhariol and twice with snnilai portions ol clhei <>i .leclone siickeel diy on the ItinncI, and 
air-dried Ihe vield id the desncel salt is 20 g or 61 pei eeiil based I'li the sl.ulmg eemipltx The 
small amount ol eontaminating NaNOj and Nat I aic lemovcd in eimvcrting lt> the nitrate*-’ .ind 
the restillmg eornpotind gives no ehliiride lest with silver niti ite 

I lectroly tie analysis lor cobalt gave valties ol 17 5.mel 17 7 per cent (theory 17 6pereent) The 
t|ualitative lest lor the fo-isoniei deseiibed by lloi i/< i vvv'-' eonlirmetl that the p''oduet was the 
correct isomer .is did ml i.i-red in ilvsis Asa lin.il eheek, the compound vv.is resolved ae' ording to the 
method of Dvvvir' ’ .ind the speeilie lol.ition ed the bromiele salt lound to be 0 45 (reporteei 
0 44 I It VV.IS lound th it .illowing the dnstcrcoisomei to stand in lee w.itei for 2 hi lalher th.m 
10 mm VV.IS adv isable m orde i t.> e'bt iin the expected v leld 

I I’ llARIUIAk* 

L'liii LI ’ll!] oj OlIioii M J Aiiiis,akI 

* Pi csent address (jeneral I leetiic Co I .irge Lamp Division, C'lcvcl.nnd Ohio 
1 Present address Owens-Illinois (dass O' , Toehnical tenter, Toledo, Ohio 
"’A VVtRNiR, /III 34.1706(1901) 

H T Hoi tzcLvsv D P Sin r is and B D Mi t arts, // lo/gu/iit 2>wii/i /I p 1 76, Mctiravv-Hill 
New York, 1951 

' r P D'vvrR and 1 T Gvkvas, hii»i;tinu Simh i! p 192, MeCiraw-Hill, New York, 1960 
J t Bah AR Jr liioii;aiiiL Si/it/i // p 223 Metir.ivv-Hill New Te'rk, 1946 


The direct determination of the normal boilin;^ point of tin'*' 

( Rc(( iiL'd Ingi/v; 1962) 

In our studies on the density ol lie|Liid metals Irenn their meding points to their norm.ii boiling points 
It was essential to know the neirmal boiling points of the metals A literature search showed that Ihe 
most reliable vakies lor tm were those reported in the review literature by Si i 1 1 .ind Sinri ( 2960 K 
and Brewlr (3000 K) " 

While determining the density e>f he|uid tin'" it was observed that the tm aeliially boiled at 760 
mm Hg,about200 below the above literature values To cheek this observation 250 g of tm (99 90"„ 

This work was supported by the National Science Foundation under Cir.int I8S29 
D R Stull and Cl C Sinkf, Thermodynamic Properties of the Llemcnts, Adiaiiccs in C/wmnliy 
Series 18, American Chemical Society, Washington, D C 1956 p 33 

L Brewer, Paper 3, Thermodynamic and Physical Properties of the I Icmcnts, p 31 in The 
Chemistry and Meiallni‘;v of Miscellaneous Alalciials '/liermodynamirs I I Quii i , Tditor, 
Vol IV-i9B, National Nuclear Lnergy Senes, New York, McGraw-Hill, 1950 
'-“A D Kirshenbaum .uid J A Cahili , 77a//r Quart Amer Sac A/em// , 55, 844 ( 1 962) 
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purity) were relluxcd in a graphite erueible and reflux condenser undei argon in the carbon tube 
lurnaec Two calibrated pyro ’ optical pyrometers'-’' were used in these measurements They were 
sighted into a black body cavity immersed into both the boiling liquid tin and its vapour I he tin 
boiled at 27KO ' 20 K. at 760 mm Hg 1 he electrical impot ol the furnace f 18 0 kW ) ■vvas increased 
by 300 watts Ibis lesulted in an increase m lurnace temperature but not in the temperature ot the 
vapour or the boiling tin, which only boiled more vigorously 

Since the obscived boiling point w.is approsimalcly 200 lowci than the best values reported m the 
review litciatuic the s.ime pyiometcrs were used as a check to determine the boiling and meliing 
points ol vaiiv'us metals under the same conditions used lor boiling Im The results obtained arc 
tabulated in table 1 I hey are m good agreement, within the cspeiimcnlal error, of the best values 
lepoiled in the htclalurc eseepl lor tin 


I Am 1 I OllSI KVF O NOKM VL 11(111 IN(. AM) Ml 1 I IS.(, I’OIS. IS Ol VARIOUS MHAIS 





Observed 


Best liter iliire 

Metal 

Pul ily 

M l> ( 

K ) N 1) P 

( K) 

value, K 

Bi 

99 95 


IKK) 

1 5 

lKt2 

Sb 

loot) 


1907 

10 

1910 

Pb 

99 99 


2022 

10 

2024 

Pt 

99 ‘79 

2040 

10 


2046 7 0 2' 

In 

99 ‘77 


22k 5 

15 

2273 10 

'\^ 

')9 99 


24('K 

15 

2450 

Nh 

99 85 

2710 

20 


2770 20 ' 

2741 10 ' 






ave- 2755 20 

t 11 

99 '75 


2K11 

20 

2855 

Sn 

99 90 


27K0 

20 

:9('0 






3000 

S 1 1 1 1 

md Sinki ealeulalcJ 

the boiling 

points ol Sn bv ap|' 

'Iv ing 

the Second uiil I hud 1 iw s ol 


I Iki inodv'amies to the vapoui picssuie d ita leported by Bkiwik ind Poriir " ind Si vRf v iiui 

I Ki I MS's' in the 10 '' nid 10 'atm range I hes assumed in their calculations ol the boiling point 

ol tin that the tin vapoui is mon itv'inic since Honk, sliowed mass spc'etromctrieallv tint tin 
\ ipoiir IS about ')h“„ monatomic while Si vk< v and 1 ki i sivn lound ih il ihe molecular weight ol ihe 
Vapour was v)! 2') II this is tiLic at a piessiiic ol 10 ' to 10 ' atm it is not novessarilv so it a 

piLSsuie of one ilmosl-iheie 

1 he boiling pi'int ivpi'ited bs Sit 1 1 and Sinki is based on i long esti ipol ition of Bki vv i r md 
I’oR 1 1 R s ' " and Si siu ii ,ind I ri i man s' vapoui pie'ssiiic d.il.i using a constant liejuid heal cap, ell v 
ol 7 3 e il mole ' deg ' It i heat e,ipaeitv ol 6 0 e il mole ' elig ' w is used Sum’ ' e ileiil He'd 
the boiling points obtained Irom Hrivvik .md Pokiiks anel Si vri > md Irmmvns diM to be 
2787 K and 2837 k lespeetivclv I bus the diseiepaiKv between the boiling pi'int ('hscrecel b\ 
tile uilhois aiivl those lepoilcd by Sii II and Sinki .md liRissiK " inav be duo to the liquid tp 
value uld,'oi iheesislenee of eoniples \ ipoui sjxeies 

It would he elesiiable to deleimine vliieelly the lU'imal boiling pi'inls ot the hi'inoli'es ('f lit' 

II line ly "el m.inium and si lie on espcei.illv sinee Honk. ■" Ins show n that Cie' ,md Si v ipoui s ei'iil im 

t becked wall the limgsleii ribbesn lamp at 2300 and 2500 k bv The' Pvri'metci Inslruiiiem 
( ompanv Bergcnliclel N J 

W I RdisiR, I R Caidwim .mil M I Winsii Hut StmiJ J Ki ^ 6. limtIhH) 

I J kotii Ml V 1 R and H SreM)\ii / inon; tlmn 253 , 17(164'') 

\ I RitMSNaneK k CiRani I’IiiI 'fug 22 , H{|63()) 

II 1 S(tioiiiii) Ijnt Mi’UihJ 8S 372 (19'i7) 

17 R Sit'll and Cl C' Sinki I luinioilynamie PrO|Kilie's i>t iho I leineiils in (,/i ma (' m ( )/i wo- 
nt Si/ai I (S, Amei lean t hemical .SeKicIv W.ishington 1)( I6‘'6 pp 10 12 !(' 21, '0 ( H P 

e.ileulalod liom best vapour piesseiie, heals ei| sublimation md v .qsouiation elat i repoited in tbe 
hlei.iiure and should be aeeuiatc to 20 ) 

I Bri v\i r ,inil R f PoRTiK, 7 (.hem 7V/i v 21 , 2012 I 
3 W Si AR( V ,md R I> I rii man J Anut Clum S«r 76, ‘'229(1984) 

R I HoNid.y Clum /Viyv 21 , 573 (1953) 

K I Homi., 7 Pin-. 22,1610 (1954) 
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I t Ut.I’' tin' 


mono di, Iri and ttd itoinii. il 

boi/int; point id Si ' " ' / bt \ d 'c ' 

JiiMdah lnsiuihi (>! I I ' I 

41^0 Ifi ///I // i imi 

Philiiili //ilthi 44, I’a 


ilii. Iiiii iiiiH slio\" a pii. II di^ayiiomcnt as to the normal 
II i\ Ill'll) 'I’d' K lo d'l'O k 

\ n kiRSHfNBAlIM 
I A ( Mill 1 


'‘•'t HmkiiiJK /Jmnsjk ("w f 17 (/•'■’4l 

''' () Ki'ii nil/ \/ KiinsiIUk y A t2 

" P R S7I It Pn\ lU (.oriiiri.iiiv. ilioii 


Reagent dopendence in sodium and sironduni t'xfractioii b> di(2-cJhUhe\>I) 

phosphoric acid 

(Riiiiiii/24 Si fin fii/n I 19621 

Ri(_ 1 s 1 imLi-tii: nil'll'' Ik '■(. i'''o i'k l.lll.ml^u v ol '•iionliiiiii lsIkkIioii fioni Midi inn ii ill. lie solii lions 
hv di(2-i.ili\ II kw il-phi'sphoi K asid (ll\) in hiii/i-nL indis ilt lliat the ilcpcndciicc of the estr.ielion 
lOLltieit III I „ (Ml ,, (Mil, on II\ eoiKeiitr.inon is due's! seeonil poMcr when M Na ind 
diieei ihiid pov\er when \1 Sr if the ai|ueoiis pH ( ind llieieloie the .iniiuint of mcl.il estiaeled) is 
loss eniHiph so that essenli.ilK .ill the e\tr let int ni.i\ he eonsideietl to he in the.ieiii loini I ins latter 
ease' is in aeeord wiili the third pen'er leatteiU depcndeiiee lor e.ileiuni esti.letion troni we.ik HC I 
solutions be wiene solutions ol di(2-cilnlhe\\llpliosplioiie leid leeeiiilv lepoilcd by Rn>i’\iii} i! 
ill who eonjeetuied that stiontiuni slienild .ilso exhibit thnd-powe'i leagent de'pcnde'iiee 

As HX in non-polar diluents is known tii he .i dimer (llX)j'-' .ind sinec hvdiogen-.' 'ii depcndciiec 
(or the extr.ielion of these two nietals b) (I tX)_ was .dso shown to he ineerse thst power in the case ot 
sodium .mil ineeise seeond power in the c ise ol strontium the following re.ielu'ns .iic suggested 

Na 2(HX), NiX?HX H 

and 

Si- 3(MX), SrX;4HX 2H 

These reactions m.i_v be geiier.ilized as M' (n2)(llX). MX, in i)HX iH‘ This is 
essentially tlie same as the rcaetion written by Pi i'I'xrd,'" the diHcrenee being th.it no spccnl 
signdieaiiee is gisen lo hvdriigen bonding between (ig.ineis within the complex * 

Pii’i’XKi) <’/ a/ presiously cxpl.iincd diserepaneics between [H ] dependence nnd reagent depend- 
ence in a scries of mctil extractions where the indieated stoichiometry was always MtXjHIn by 
proposing the single loni/ation of the .leid dimer (HXlj viz, (HX)j - MX. H', followed by 
chelation with the metal This adee|uatcly lilted the d.ita and thus supported the view that ehc- 
lalion by llydrogen-beanded ligand p.iirs was of primary impi'rlanee M .ippeais now, however lh.it 
satisfying the eoordinalmn number e'l the metal m.iv be more important I he earlier data .ire genei- 
ally consistent with tins view as well as esith the previous view, since in most icported'’' " eases the 
accepted toordinaiion number w.is twice the cation valence 

* Bonds between active hydrogens on the un-ionizcd molecules mil phosphoryl oxygens on those 
which have formed the salt piobably do oeeiir at least to soriie extent 

+ Exceptions arc the eases of uraniumfVI) reported by Bai s, /inc.aro and Coi rMAN and by 
Dvrssen and Krasovlc , and lhorium(l\') reported by Piri'ard Mason and McCarty, .iccepted 
coordination number of 8 L'sing the model proposed heie. a coordination number of 6 is rec|uircd 
for both uranium and thorium (counting the uranyl oxygens in the ease of umnium) In the case of 
Cmflll) <ind Cftlll) reported by I’fprarii Mavin and IIijchik not enough is known of the coordm.i- 
tion chemistry of these elements lo state the usual coordination number 

D F Pfpparo Cl W Mason, S McCarty and F D Johnson, y J/iuig A'lie/ f /irw , 24, 321 332 
(1962) 

C F Baes, Jr , Rm PH A Zinc, aro and C F Coieman J I'hys (hem 62,129 (1958) 

(3) jy p Peppard, G W Mason, W J Driscoii and R J Sironin.J Inoiif Ntal ( hem ,"7,21 (y-lSH 
(1958), D F Pipp\ki),G W Mavin and I HuciiiR.y /iwig Mud f /iwi , 18, 245 258 (1961) 

'** David Dyrssfn Ada them ScamJ , 11, 1277 78 (1957), D Dyrssi n and F Krasovic Ada 
Chem yeW, 13, 561-570(1959), C F flAis,Jr,andH T Bakfr,J Phfs Omw , 64, 89 (I9()0), 
D F Pfppard, G W Mason J I Maii r and W J DRisrot i , J Inortf Mud f/ii'w , 4, 334 
(1957), D F Peppard, G W Msv)N,andS McCarty J f/wi" Nad r/ic'w,13, 138 150(1960) 
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\s noted .ibove this discussion is dl present limited lo conditions of very low loading When the 
1 1 I,, lion ol the total di(2-ethylhexyl)phosphatc in the salt form becomes significant, eg -1 per cent, 
H I Mil dependences and state oi polymeriAition of the reagent change markedly These effects arc 
linin ' siiidicd and will be reported in subsequent communications 

W J Me ITowii I 

(><ik Natuincil ! iihouiloi \ C f Coiisian 

l\>\! (>llu I t 
(hik fi'n'ioei 
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COMPLEXES FORMED BY THE REACTION OF 
ZIRCONIUM TETRACHLORIDE WITH AMIDES^ 

A Cl LARI If I nt and L J MAikiivv/fx 
rildiimiii Alloy Manufdcluring Division, Natioridl lead Company 

and 

Deparlmcnt ol Clicmistry, Niagara University, Niagara Falls, New York 

(K(tiiucl2^ A/«t’1962, in rci lu if foi ni 27 Ji/I\ 1962) 

Vbstrael Co-oieliiialion eoinplcscs of /ireoniiim (IV)ehloridc with a number of amides have been 
prepared and llicir iiilra-ied spceli a examined I he amides arc bonded to the /ireemiiim atom lliroiigh 
the edibonyl oxygen Tertiary amides lorni diaddiiion eomplcxes With primary amides produets 
(.ontaining moie than 2 amide gniups per /irconium were obtained However, it is believed that the 
metal atom has a eo-ordination number of six m these complexes, also 

Till eoniplexcs forme-d by the reaetion ofanhydrous mctalhalide'switli amides has been 
the subject of a number of recent studies The mfra-rcd spectra of many of the 
complexes have been examined to determine vvhctlicr the amide is bonded to the metal 
thiough oxygen or nitrogen Co-ordmation of the amide to the metal through its 
oxygen atom would tend to increase the single bond character of the carbonyl group 
and thus shift the carbonyl stretching band to lower frequencies At the same time, 
the double bond character of the C- N group would be increased with consequent 
shilling of its stretching band to higher frequencies In the case of metal to nitrogen 
hondmgthc fiequency shiftswould bejustthcrevorseot ihosecitedaboxe The majority 
ot infra-red studies have shown metal oxygen bonding to occur Farlier 

assignments of metal -nitrogen bonding*--** have been re-interpreled*' to accord 
with metal oxygen bonding Crystallographic studies*'**’ and nuclear magnetic 
lesonancc spectra*’* have also shown that the amides are bonded to the metal atoms 
iliiough the carbonyl oxygen 

We were interested m examining the reactions of /ircomum (IV) halides with 
amides Meutlcrlies*'" obtained monoamidc derivatives by the reaction of ZrF, with 
excess N,NI,N',N'-tctraiucthylurca and dimcthyl-formamide Infra-red spectra 

* This p.iper is based in part upon the thesis submittevF by Cowaris J MviKirwuH in partial 
lullillmcnl ot the requircincnls lor the degree of Master ot Science, Niagara Univcrsilv, 1960 

' Addicss Titanium Alloy Manufacturing Division, National Lead Company Bin C Bridge 
Si ilion, Niagara f-alls. New York 

R B Binlams.S Mi/ushima, C Curran andJ V QuAi.iiANO.y 4mii them Soi 79. 1575 
( 1957 ) 

'Sr M MARnNH'ih, S Mizushima and J V Quax.iiano Sputiiuhiniuii 4 ( 67,77 (1959) 

'I I Ml uni Rill s and [ G Roiwjw.y Amei them Sin 75,490 (1951) 

I ARCUAMiiAciLr and R Rivi^r, Cimad J them 3^, 1461 (195)f) 

' I Arc HAMHADlT and R Riviao, Cimad J Chem 38, 1331 (1960) 

W Gcrrard, M T LAPi’iRrandJ W Waiiis,,/ them Sac 2141 (19(>()) 

W fjiRRARn, M F Lappfri, H Pvszora and j W Waliis J Chem Soc 2144(1960) 

•c W Bac,nali,A M FDfanf, T L Marmn, P S Rohinvin and M A ,A Siiwari J t)um 
''OC 161 1 (1961) 

I I MiuiitRUFS, J zl77»(-7 f/iem 5()r 82, 1082 (1960) 

M Narui LI I, Cc/er Chun Ital 89,1616(1959) 
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s/umcJ thM the .nmdc u.s bonded to the mcul throud, ou^^en Brm ,n"" 
the prepniauon ot /rCI, 4C0(M-U, In hcjimou nvUurc ot the c/rv rcucUnls 
swd\ uc report on the .ompknes lotmed hs ZtCI, ^ulh n nt, tuber ofnmtdc. 


repotted 
In this 


Kt s It TS 

\ii cxlcs^ oI antiJi. used in i.neh of the prcpnuitions so as lo lousiiiul nil of 
lilt eiiLonnnn isti uhhnide in the loimnlion ol the complexes Tins was clone lo 
riiimmi-'s the dilheuln ol separatum tlic leactants t'loni the prodtiels sinec ZiCI) was 
loimci to he sohihlc onl\ in soKliUs which icactccJ with the complexes vchereas excess 
amide coLikl he vsashed ont with meit scslxents Uiulei these condittons the tertiary 
amides alwaxs lormed complexes contamini; 2 mots ol amide pet mol ot ZrCI, 
Howexei with pnmai v nmides the sioichtometiy ext tlie products depended upon the 
ratio ot reactants This is shown in fable I These lesiilts are somewliat similar to 
those obtained with T iCT_, 


1 XIU I I SlOK IIIoMHUX Ol /|(l, XMIDI XllOl I ION C OMI’Ol SOS 


\midcv 

Ratio ol Read nils 

Sioichiomctry of Piocliici 

\mide,/iCTi 

Amide, /rC'h 

H( ONH. 

11 0 

10 

HCONH 

8 5 

8 

IK ONH 

4 7 

4 

( lljCONIl, 

(> 1 

4 

IKON(CIE). 

(. (i 

-> 

HC'ONiCM,) 

4 0 

■> 

t II,( ONini,) 

S 1 

-) 


The infra-red spectra of the dimcth)lc)imamjde complex and the foimamicle 
complex containma 4 molecules ot amide were examined 1 he spcctia were obtained 
as Nujol mulls or as KBr pellets (0 5 per cent) The comparison spectia of tlie pure 
amides were run as licjuids and as Nujol mulls Only negligible difleiences were ob- 
served 111 the positions ol absorption bands m Nujol as compaied lo either the licjtiid 
state Ol the solid-KBr slate The impcsitanl absorption bands and their assignments 
are given m Table 2 The assignments for the pure amides were taken from the work 
of Ev vNs“-' Gi RR XRo'"' and Rivisi*’' 

Examination ot the carbonyl and C — N vibrational shifts for the climelhylform- 
amidc complex clearly shows that oxygen -met<il bonds are present The carbonyl 
band is shifted lo a lower frequency and the C N vibrations to higher frequencies 
in accord wiiii the expectations lor metal-oxjgen bonding The spcctia of the 
ZrCT 4 TTTCONH^ complex does not lend itscK lo such a straightforward interpretation 
There are two absorption bands which can be assigned to the carbonyl vibrations m 
the complex One is at 1724 cm ' and represents a positive shift whereas the othei 
has a frequency of 1668 cm ' and represents a negative shift compared to the 
position of the C O band in liquid formamide Howcv'cr, there is less ambiguity 
connected with the C — N stretching frequency at 1314 cm ' This band is shifted to 
higher frequencies (1370 cm ') On this basis we conclude that oxygen to zirconium 

111/ w W Bral N titanium Alloy Vlanufdctiiring Division National Lead Company, Ijnpublishcd 
research 

J C Evans, y (/um Pins 22,1228 ( 1954 ) 
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rAiir I 2 Fnira-hm> si*t( ira ot ZrCI^-AMiof complixis 


Hand assignment 


V (cm ') 


HCON(C H,), 

ZrCI, 2KCON(C H,), 

Shift 

Amide 1 (C O) 

1681 » 

1658 1 

23 

C H i-eltformalion 

1 782 r/i 

1 367 m 

15 

C" N slieldl (eeinllgueius 

1255 fii 

(300 n 

45 

lo eai bonyl) 


1 245 11 

It) 

C N streteh (contiguous 

1040 e 

1175 w 

45 

to methyl) 




Hand .issignment 

H( GNU, 

ZrCI, 4IICONH, 

Shilt 

Amide 1 (C O) stretch 

1686 e 

1724 1 

38 



1 668 1 

18 

Amide II (NIIJ 

161 1 II 

1 5S5 /111 

26 

eteloi malion 

C H defonnalion 

1 397 III 

1 797 ms 

0 

C N slieldl 

1314 III 

||770 /111 

II 714 (i/;) 

56 

e strong, III medium 

» eeeak ms 

meihum-strong, i/i 

shoulder 


boiuling occuis in tins complex also Wc attribute the appearance of the band at 
1724 cm the sliouicler .it 1314 cm ' and othei features ot the spectra to the presence 
o1 lice formamide Thus, the co-ordination number in /rCI, 4HCONH^ is beliexcd to 
bv SIX the remaining formamide molecules being held in the structure by hydrogen 
bonds I he hydrogen bonds must be t|uite we.ik to .iccount for the position of the 
carbonyl stretching (requency at 1724cm ' 

t XP! RIM I NT\1 

Mute mils /irconiiini loiradilorido w.is piirilicd b\ ihc incihod ot Hukkk.sn ' and coniaiiiid 
Ills lollo^MiigimpuMiics At 0(X)5 CuO(XM)2 hc0(K)02 M”()005 SiOOt", \Lclamidc \sas 

pviidicd by iccrvstallir.mon lioin an clh>l acetate ben/ene nnxUire (I t) and diicd undci s.icnum 
inp X() s C Reagent giade torniamide dimcihsl lisimainidc ,ind all soKcnts ucre diied oscr 
niolcciilai sicsos .ind dislillcil Under .1 diy niliogen atinospheie 

iuahtud! /ireonium was assayed eiaetnictiicallv as ZtO. be dissoleing I g ol ptesduet in 30 ml 
aalei pieeipitaling ihe hedroiis oxide wilh ammonia .ind luniling .it CtX) t tor 2 hr Chlorine eeas 
dekiniincd by the Volhard inelliod and nitrogen b\ the K)eldahl method using .t selenium eaialesi 
I’mmiuu All reaelions veeie lun in .i iliree-iuek S(X) ml round bollom (task filled wall a iiieieuie 
seal sill ler a gas inlet lube and lellux eondeiisor Uelv're each lead ion the appar.itus \e as i hoi oughts 
lined and puigeil with iliy nilrogen the soteenl was disiillcd diicellv inlo the icadion fl.isk undei 
nilioeeii .aid Ihe amide dissoleed in llte soleeiit Ihe /r( I, was added lo ,1 drv 2s ml f rleiimcser 
llask in a dry-box flte llask seas then lilted with a uihher lube and scaled evnh a pmeli damp riie 
n isk was nose atlaelicd lo one ol the necks ol the icadion eessel and the 7iCl, added he renioeing 
llie pinch damp .ind l.ippmt; the I ilenmesei fl.iek The appai.ilus ee.is piirge’d wall dre nilrogcn 
dining the entire uin At the eomplelion ol the leadion llie mieluie w is cooled aid the pioduel 
lilieied oil and washed lepealedly eeith eliv soleent the pioduets eseie di led in a eaeuum pieud tvsr 
24 72 hr Allcmpts lo leeiysl.illi/e ihe complexes eeeie unsueecsehil due lo the lack ot sua.ihlc 
olveiils ihe eompleees soltened aiul cxhibilcel plaslie How a teev degrees below the listed mdling 
poilils 

1 1 » inn /tilde c ompk’M s I we at v yi amines of lormamiile (0 44S mol ) w as adelcei to 2tX4 ml ot eai bon 
k ii.iehloi idc anel ihe mixliire agilaleel al looin leiiiperaturc Iheii 9g ol /iC'I, (0079 mol) ee.is 
ki.led .inel agilalion al leiom leinpeiateiie eeintiiuicel toi 4S mm Ihc mixlnie w.is then relluxed tor 
dll during eehidi tune a light velloev soliei loimed (louml /i 12 St Cl 20 54 N 20 02 
' de 111! /iC I, lOHCONH, " /r 13 74 Cl 20 75 N ?049"„) 

VT'lieii Ihe loimamide /iC I, mole ratio seas lediieed lo S S [ and lenueing eonlnuted foi 14 hi 

P V MiiRRi(,a,si j Xfehtl'i.l, (inc’f Inu Medi fuiii'' 203. 1 1 1 S ( 19XS) 
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a liard vcilow \\a\y produft v^av ubiaincd (f-oiind Zr, I “) 07 Cl 24 88, N, 18 54 C'alc for 
ZiCl,8HCONH, Zi, i-s 48 C'1,24W N ISS*)",,) 

On rt-dticint; the mole ratio to 4 7 I a hard dark yellow solid was oblaincd altei rcfluxini; 22 hr 
(Found Zr 22 04 Cl 44 72 N 1444 C, 1 1 26, II. 4 47 Cale lor ZiCI, 4HC ONH. Zi‘2208, 
Cl, 44 42 N I 4 s(i C, II 61 11 2 W'„ 111 p (ileeeniiposes) 240 C) 

Dimtilnl /i'l iiKiiiiulc tomph \ T\seiity-se\eii ttramiiics (0 370 mole) ot diiiietliyl lorniamide’ was 
added (o 2(X) ml ol CCi, in the le'aetion llask I hen I 4 g (0 056 mole) ZiC’li was added at loom 
temperatuie with siirrine flic solution iiiimeelialcly heeame eloudv Stirriiiy was continued (or 2 hr 
at room lemperauiie diiiiiu; wliieh time a while pieeipitale (e'rmee) The niistuic was (hen leflused 
lor 4 hr and ihe solid ieeo\ e red (round Zr 24 SS, Cl, 37 09 N, 7 1S, C,18 11, H 4 65 Cale 

loi ZrCI, 2HC^ON(C H,)- Zr 24 05 Cl 47 49 N 7 49 C, 18 94 H. 4 70",, m p 206 208 C) 

Ueldinulc < Diiipic \ Fointeen giamnies (0 247 mole) ot aeetaniide was added to 200 nil be'ivcne 
and then 9 r; (0049 mole) ol ZiC I, aelded willi slirrint( at loom leiiipeialure The mislurc was ic- 
f)u\cd lor 10 hr duiinij whieh time some aeetamide sapoii/ed and eolleeted iii the reflux eonelensoi 
The piotluei was a t'ummy solid whieh was dilheiili to remove lii'm the flask and didieiifl to wash and 
drv (found /i,l8 85 C I 29 sS N, 1 1 70 C ale foi 7iC 1 , 4CH ,C f )N H. Zr,l944 C'14022, 
N 1 1 95 111 p 174 176 C ) 

Didu lh\l dll h/nink' itiniph \ Twent\-ti\e giaiiimes (0 287 mole) of N, N-dimclhylaLelaniide was 
added to 2(K) ml bcii/'ene and then I4g (0056 iiieile) ol ZrC I, adtied at room leinpcialurc The 
mixture u.is rtflused for 22 hr durint; whieh (ime a pale yellow soliel lormed (found Zt, 22 52, 
Cl, 44(X) N 6 62 C 24 24, H 4 75 Cale loi Zi C I, 2e H .CONIC H ,); Zi,2241, Cl, 34 85, N, 

6 88 C,24 57, H,4 45"„ nip 248 2510 

Aiknowlid'^cnii m - \C c wish to thank Mr f Sru.Noi \ ol Ihe National Lead Research I aboraloiics, 
Brooklyn New Yoik foi taking the inlia-red speeira and Piolessoi R Rivrsi tor helplul discussions 
during the course ot the work 
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THE HEATS OF DISSOCJATfON OF THE 8-QUINOLINOL 
AND SUBSTITUTED 8-QUINOLlNOL METAL CHELATES 
OF URANIUM (VI), THORIUM (IV) AND SCANDIUM (111) 

(i R Horion and W W Windlandi 

Dcpartnu.iil (il Chtmislry, Texas Tcchnoloi^ical C ollLge Liibboek, Texas 
(/<<(( ii I </ 20 A Ki eiiiAi / 1961 m ! It t .n! fot m 21 Jtnu 1962) 


\hstratt - The heats ot thssoeialioii, A//, weie tlilcrniiniil tor llie leaetu'n 

M(<)x)„ HOx(s) « M(()\),/s) HOxty) 

loi the uraniuiil fVI) (hoiuim (IV), and seaneliuni (ill) et'iiiplexes ol K-quinohnoI (HOx) and sub- 
stittucd f(-e|utnoliiuils saeh as 2-nietlivl-, ^ 7-tltehIoro- ^ 7-dibtoiiio- ‘'-le'do aid 5-u do-2.ehlore>- 
H-sniiiiohnol A|s > the he'ats ol siibhnialH>n, A//,, weic deienvaied U r the- abe>\e ehelating a^enis 
III (he leitipeialuie lange ol 15 (olhO T hese quantities as well as the A ^ A/ andAVsalues 'sere 
e ileiilated lioiil slissoe ia( loll pressuie data oblaincd bv a inodiheil Kntidseil etfusisiii-eell niethe'd 
1 Ol (he K-qiiiiH'linol melal ehelates the order of deere*asinp A/7 \akies ssas I ()o Th' Se’ 

1 or a I'lsen metal ion 111' the order ol dceieasini; A// \alues «as HOxCT )T(>\ HOxlC'l 
llOxlft HOxI 

fill inte'iaclion benwccii ihc sol\ate molecule, HOn sind the metal ehelalc M(0\),, 
in eomplexes of the type HO\, has been the subjcet ol a number oftiuesu- 

eations " The metal ion, M" , is IJOr , TIi* Se * and PuOj- uhile HO\ is 
!<-qiimolmol and mono- and disubstituted (usiijllv 5 7-) 8-quinolmols siieh as 2- 
niethyl-, s,7-dihalo-, 5-iodo-7-ehloio- and others I here is also e\idence that sexeial 
ol the alkaline caith tons form complexes with the stoichiometry Sr(Ox). HOx'”'' 
and R[VIg(Ox)T] 

Although the 'Solvated metal chelates have been studied by chemieal methods, 

"J ! 1 KrRL, / \iitii (lit III Aik 55, 4)62 ( I9VI) 

' 1 Mkiii and NV Ri i< ii-RotiRWK., Mont'-th 53 54, Ss)6(T>29) 

’’1 Hi(niandW I iikviass. / Uw/m (/urn 100,98(19)5) 

" I MoitiiRaiid M V Ramanimi, y timi Cltnii 2>oc 75, .)946 ( 195)) 76 2022 ‘'251 (0)t) 

(1954) 

’L TokHAS and P M Biknavs Aiuihl ihem 23, 757 <1951) J -tiiin Chun Sot 73. 7(19‘^1) 
"I PokRAS, M Kil PAIRK K and P M Birnvvs, / /tiini C/nnt Aik 75.1254(195)) 

' ’ W W WrNnLANDi, /1 ;kj/W Chtni 28,499 (1956) 

‘N 1 svvARANARAVAAA and Bh S V Rai.iiava Rao, AtwlM Chilli Ir/a 11, ))9 ( 1954) 

’ K S ViNkAdswARi LI and Bi( S V Ra<.iivvaRao liiafM Chun 4 ( 6 / 12 . 554 (|955) 

M BoRRiiLandR Paris, /Iim/i / (him 4<r<f 4. 267 ( 1950) 

W W WiNDiANDi Annin Chiin /Ir/a 17, 274 ( 1957) 

I P BiKrwtNkii and P Noiui.y Aiiii'i (/urn A<k 80, 2955(1958) 

J H VAN Tassk and W W Wlndlanoi J Anui Chun Sue 81. 81) (1959), ihul 82. 4821 
( 1 960) 

’ J 11 vanTassii.W W Wi NOl ANlJl and T bioBM.y 4m(7 Chun Sot 83.810 (1961) 

W VV WrNDi ANot and Cl R Horion. y Iiinn; Xml Chtin In piess 
IT Dyrssfn, Aik’/i'A keni liilski 67. )11 (1955) 

I Omlano and W HortMAN, /f//(;/i7 Chtm 4 r/rt 17 , 2)4 (1957) 
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ultid-Molet Msibic ,ind inli.i-icd dhsoiption hcjt-ol-sohitioi} (...tlonm- 

ctrv filer moijr.iv imeli V jnci \-iav di/lrdcfioii .iri*i/ysis, ihc luitiiic ol l/lC sdil.ltc 
nu'/ec ule-ntetaf clicl.ilc (ntciaetioti is sfill not lery tmdci skK'd f /?C ‘^tim.tuic of 
thL uranium (VI) iS-c|uin(ilinol eomplLx''*' appeals (o be HlU0j(0\)t|, hou'e\'cr, 
uthcr studies"" mdiutc Ibat fhe scandium (MI) .md thoiium (IV) complexes aie no( 
analouoLis ic' this siiuctuie Since the soK.ilecI metal chelalcs, with the possible 
exception ol (he Sc(Ill) and Pu (VM) ci>mpounds leadilv lose the scihale molecule 
when heated as gnen bv the ecpialion 

\f(()\), H()x(s) > M(()\),(s) HOxtg) 

the thcimodvnamic tunctioiis ot this leaction can be calculated horn aknowledgeof 
the dissociation piessuie ol the svstciu lo obtain the lattei piessuies, the Knudsen 
etiusion-ccll method was cmplo'yeci 

1 \ PLRl \1 I N I \ 1 

A’(aee«r' H-(Jiiinolinol s 7-4libionu>-S-c|uiniilini)l aiul s 7-Jn_ti|<ir<>-Jt-tjuiiiolinc'l ut’ie oblained 
Irinn t astnian Oiganic ( heniieals Rochester NY I ne conipinjni.ls were piiiilicd by icpeateci 
leers stalli/dtioiis tioni acetone 2-Mcllivl-8-cjuinolinol s.iocio-8-c)iimoiiiiol s-iocio-7-chloio-8- 
cjuincihnc'l and s 7-diK'do-X-c]Uiin<Iinul were obtained lic>ni the Mdiieh (’hemieal to Milvsaukec, 
Wis rile eompounds weie purilicd bv lepealed lecivsl illi/ations Ironi elhanol Ihoiium nilrafc 
4-hvdrale was oblained h oni Meiek and t o , Rahwav N J uianiuiii nitiate hdiydralc was oblained 
lioni Mallmekiodt C'hcni Co St I oins \1o and the sc indiiini oxide x\as oblaine'd liom V D 
Mackav Inc New V oi k NY 

Ml ot the other chemicals used wcie ot t p c|iiahlx 

Pi i fHiHitKoi of nil l<i/ dulaUs The seandiuin ihonuin and ui inium <S-c|Uinc'hnol chelates weie 
prepared as prcxioiistv described ' ' 

The 5 7-dihalo-8-c|Uinoiinol metal chelates weie prepaied as picxioudv dc'eiihed '' ’ 

I he 2-inctlw l-X-c|Uinohnol metal ehel.iles weie piepaied as pieviouslv ilc'ciibcd 
\llei prepaiation the metal chelates wcie diieci .it cicsatcd Icnipciaiiiic’s and analvscd loi metal 
content by ignition to the metal oxide in a mulhe liirnaec The metal tixide contents agiced lo within 
0 5 per cent ot that required be theorx lor the soKated metal chelates 
Ajipwaun The apparatus emplovcd wax similar to that ptcxiousK dc'eiihcd It consisted ol 
an 'Yinsworth I vpo RV seini-miero xaeiuim leeoiding balance lo xshich xsas attached a eonxentional 
glass high xaciium svstein capable ot a picssure ol about 5 10 '■ mm ol Hg The aluminium 

etTusion cell vsas suspended trom the lelt balance pan bv means ol ,i platinum wiic Stiriounthiig the 
etlusion cell was <i glass tube 2 S em m diameter, which was .ilt,ichcd lo the vacuum system Ihc 
lower part of this tube vxas immersed to a depth r>l .dioul 14cm into a ihcrmostatcd, stiircd oil-halh, 
the icmpeialiirc ol which could he controlled tv) 0 1 C The cvlindrical tlltision cell was 15 mm in 
diameter bv 25 mm in lenelh and was scaled ot) at one end bv a Ui;ht lilting brass sci cw c,ip containing 
the suspension hook I ead washers were emplovcd lo ensure a eas light seal ol the cell (3ne side ol 
the cell was machined to a thickness ol about 0 12 mm and a hole di illcd in the uppci poition ol the 
wall The area ol the ctfusicrn oiilice was 1 <M) 10 'em- as determined with a piceision travelling 

mitroscope 

The procedure for each run consisled of the Tollowmg About 4(K) mg ol s,imple was pkieed into 
the elTusion cell and the cell attached to the balance The sample was then .illowed to come Iv) the 
tcmperaluie of the bath while at atmospheric pressiiie After attaining tempcratuie cquilibtiiim the 
system was pre-evaeualed to 0 01 mm ot TTg with a mechanical Ivare pump before being exposed to 
the high vacuum part of the system In this manner the sample chamber and balance could be 
evacuated to about 5 10 '' mm ol Hg m less than 5 mm The weighldoss ol the sample was re- 

corded on a strip-chart recorder the full scale span ol which was 10 (X) mg The time ol the weighl- 
Toss interval was obtained from the movement ol iheehait paper which had previously been ealibraled 
with an elcelne stopeloek ITiiplieale and in certain eases, triplicate runs weic made at any one 
temperature 

It IS estimated that from the accuracy ol recording balance, bath temperatuic and effusion lime, 
the dissociation pressures have an uncertainty error ol about 5 per cent 

"" M Knudsis Ann P/n wA 29, 179 (l‘0^) 32, l-()9 (1910) 

J P Phillips J r rsirRYandM P Prk f Ami/i/ Chcni 24,1055(1952) 
h YlllcisIS, I I RospNandH M riniR J Ph\\ O, <■/??, 65, 2127 ( 1 96 1) 
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RTSULTS AND DISCl/SSfON 

The vapour-pressures of the chelating agents and the dissociation pressures of the 
metal chelates were calculated by means of the modified Knudsen equation 

- 17 1435 A'G//ff V HIM) 

where A is a constant similar to the Ci ausinc. factor'-'^ and was equal to 1 026 It 
was not possible to calculate this constant directly, due to the uncertainty of measuring 
the cell wall thickness near the effusion orifice The constant was obtained by deter- 
mining the vapour-pressure of a well-known compound, naphthalene which has a 
\apoiir-pressuic of 0 218 mm of Hg at 35 C 

Other teiins in the Kmidsin equation arc the weight-loss G. temperature of the 
cell. /. time of elTusion, /, and molecular weight of the effusing vapour \f The 
vapoui-pressiucs of the chelating agents and the solvated metal chelates ranged in 
magnitude from 1 10 to 2 If) - mm. however, most of the values were from 

i to 9 10 * min It was assumed in all cases th.it the effusion species was mono- 

inei ic in the vapour slate The vapour pressures of the noi mal chelates, M(Ox), were 
too small (10 ” mm) to be measur.ible m the temperalure r.inge studied 
The ..onstants 1 and B in the v.ipoui-prcssure equation 



loi the chelating .igcnts and the solvated metal chelates aie given in Table 1 and 2 
lespectively 

Tmui I Vci’ot R-i>Ri ssi'Rr roi viiiiN <<issivms ior nil 
< III LAI INI. \< a SI s 


C hcl.Uing aecnt 

« 10‘) 

li 

H-quiilolinol I H()v> 

s 69 

1< 49 

2 nicIhyl-X-quiiHiIiiuil (HOvCII.) 

4 S8 

1 2 66 

S,7-iticliloi o-8-qiiinolinol ( I lOsC 1.) 

4 86 

1 1 28 

S-iodo-S-qiiiiuilmnl (HOxI) 

6 20 

14 97 

S 7-UihioMio-8-quinnlinol (HOvBr ) 

491 

1(1 su 

S-iocl<i-7-chloio-8-qiiin<ilinol (IIOsK ll 

0 8S 

IS ss 

s 7-diuxlo-8-qunK>linol (IIO\l_) 

S 79 

11 87 


i he A//,. A/, A.S and A.,, values foi the chel.iting .igents are given m lable 3 It 
was neccss.uy to obtain tlie vapoui-piessuie data ovei dillereiU teinpeiature ranges 
le 8-qunuilinol and 2-methy!-iS-ijuinolmol ficnn 35 to (vO while the otheis were 
obtained fiom about 90 to 160 ' 3 his added a necessaiy complication m any correlation 
of thei inodynaiinc functions with stiuctur.il dillcicnces bec.uise of the slight change of 
A// with teinpeiature However taking tins l.ict mto account it can be seen th.it the 
^11, values arc all in the r.ingc. 21 0 31 4 kc.d mole ' Likewise the Af values were 
'll 111 tile range of 4 3 I I kcal More pronounced ddlcicnccs weie observed in ihe AV 
<alucs winch r.mgcd from 35 to “iX cal deg ' I lie v.ilucs foi A//, .ne smnl.ir to those 
' bl. lined for some of the solid organic acids such as bcn/oic ni.ilcic and fumaric .icids 
rile A//. A/. AA and A„ values for the solvated incl.il chcl.iics are given m Table 4 
Again a iigorous comp.irison of siruclur.il ddlcicnccs with the thcrmodMiamic 
'inclions obtained cannot be made because of the difl'crent temperature ranges studied 

■v < lAfsiNc,. Ann rh\sik [5), 12,961 (1912) 

I SkivARiNKo U I Markin .iiul L B Biismva /Ii I i: Khun .12. 1916 ( I9SH1 
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}(()Un\u cveepl (or iIil Sl(('>\C II ), H(>\( H, nvnIcih the tempei .it me imi^c w.is 
(loin ahoLil I [() to [Ml 

I he A/ \alLies showed llie s.mie iiaitow laneu as did (ho ehelalmg agents, iiaiiKl^, 
7 0 M Real Moio pronoune'ed ditleieiK'cs were' oblaiiieel loi tlic A// and A.S values, 
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All, 

7 emp 1 inee ' 

AF 

AS, 


A,, 


( tini|ioi.inel 

(Real mole 

. ') 1 C ) ' 

(ke ll) 

teal til e ' 

) 

(,am) 


H()\ 

26 0 () 

2 's 55 

4 S 0 1 

SS 2 

2 7 

0 1 

10 ’ 

H()\C 11, 

21 0 

Vs 60 

4 

4S 


7 2 

10 ' 

Hf)\Cl 

'’2 ’’ 

VO 120 

7 V 0 2 

.7.S 1 


2 4 

10 

H()\l 

28 4 

VO 120 

7 7 

56 2 


7 0 

10 ‘ 

HO\«i 

22 5 

VO 1 'vO 

V 7 

75 1 


7 5 

10 ^ 

HOsrei 

IM () 

t 1 10 140 

9 7 

5S 2 


2 0 

10 “ 

H()\t 

26 s 0 

2 1701 60 

M 0 7 

12 


2 V 

10 - 

* A, Al .ind AA vs ere e'aletil.ited tt tli 
lemperature r,ini;e in vvhie'i AH, was 

TmiLI 4 llll KMOOV N\MK 

K 

caleiil ited 

1 1 Ni 1 IONS Ion 

I HI Ml f \I ( 

III 1 All S 






Tt mp 







AH 

1 iiiei. J’ 

A/ 

AS 


A,. 


C ompouncl 

(Seal mole '| 

( ti 

(keal) 

(e a dee ') 


(aim) 


LO (Om, HOs 

2 1 K 0 2 

100 140 

11 1 

29 1 

4 1 

0 2 

10 ■ 

VO (0\i Hp, HOxCHi 

16 7 

1 10-1 75 

11 

15 0 5 

2 0 

0 1 

in - 

U0j(0\cia, HOxcij 

25 0 

120 150 

II 

78 1 

2 1 


10 ’ 

uo.( 0 \ii lioxi 

22 7 

125 |4x 

17 

26 

2 7 


10 " 

UOakSxBra, HOxBr_, 

27 6 

120 |50 

17 

79 

1 5 

0 05 

10 “ 

Th(f)x)j HOx 

20 5 

80 120 

8 4 

12 

1 2 


10 ■ 

ThCOxCI,), HOxCI, 

27 0 

120 140 

12 

30 

8 3 

0 4 

10- « 

Tti(Oxl). llOxf 

16 3 

t 10 140 

12 

12 0 5 

I I 

0 05 

10 ■ 

ThtOxBr.ij HOxBr, 

18 y 

125 145 

II 

21 I 

2 9 

0 1 

10 ’ 

ThfOxIcbj HOxIci 

19 4 

125 150 

12 

20 

8 1 

0 4 

10 " 

Sc(Ox), HOx 

17 0 

90 110 

9 6 

30 1 

2 4 

0 1 

10 5 

-SclOxCHOi HOxCH, 

10 6 1 0 1 

50 80 

7 3 

9 0 5 

5 2 

1 0 2 

10 • 


* Ap, SF, and AS were ealcuUted at 'iTt K 
t Temperature range in wliich A// was ealculatcd 
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uinging fiom 10 6 to 27 6 kcaJ mole'^ and 9-38 cal deg respectively In the case of 
ihe SefOx), HOx system, it is not known for certain if the dissociation reaction actu- 
ally takes place in a vacuum Such adesolvation reaction is known for the Sc(OxCH,)j 
HOxCH, system'*" m vacuum but not in air at atmospheric pressure Preliminary 
expenments on the foimcr in vacuum gave crystals of 8-quinolinol as identified by 
thtir melting point The complete conversion to the normal chelate, Sc(Ox)3, was not 
obtained 

111 comparing the A// values for the 8-qiiinolinol and 2-melhyl-8-quinolinol metal 
chelates with .i given metal ion, it is seen that the latter chelating agent always gave 
louei A// value's 'i hese lower values may be attributed to the stcnc hindrance elfctl 
of (he methyl group in the 2-position such as described for the aluminium chelate 
(t was not possible to oblam consistent data for ihe thoiium -2-mclhyl-8-qumolmol 
svsiem I his IS perhaps due to Ihe uncertainty about the composition of the solvated 
compound as revealed by a recent X-ray study 

In compai mg the A// values for a given metal ion vvith the various chelating agents 
(he order of mcie*ising A// values was diflercnl for uramiim and thorium For ura- 
nium the order was ilOxC'H, HOx HO>^l MOxCF HOxIir^, while for 
thonum the order was HOxI HOxBr_, HOxICI HOx HOxCF Consistent 
dissociation pressure data were not obtained for the scandium 5.7-dihalo-8-quinolinol 
complexes due perhaps to the difficulty in preparation of these compounds in a 
relatively pure state 

In companng the results of this investigation with those obtained m a recent 
c>iioMmctric study'* *’ for the reaction 

M(Ox)„ HOx(s) c M(Ox)„(s) - HOx(s) A/C„„ 

It was found that the A//^,i^ values for the 8-quinolmol chelates were 4 2 and -5 6 
kcal mole *, for the uranium and thorium chelates, respectively These values com- 
paic favourably with the caloiimetric data of -49 and 6 5 kcal mole *, rcspec- 
iivcly 1 ho slight dilferenccs arc probably due to Ihc dilTcrcnt temperatures at which 
llie A// and Ayy^oi^ values weic detcrminccJ These were I()0 C for A/y and 25 C 
loi the A/y„„,^ values for the A/Co, ^ of the 2-methyl-8-qumolmol uranium chelate, 
a value of 4 3 kcal mole ' was found m this investigation compared to 2 9 kcal 
mole * found m the calorimetric study *’■*’ The reason for tins discrepanex is not 
known at the present lime The heats of solvation, A/Cou- v,crc calculated for the 
scandium chelates and found to be 9 0 and 15 4 kcal mole for the 8-qumolinol 
-md 2-methyl-8-qumohnol chelates, respectively However, supporting eaiornnelne 
d Ua arc lacking for these systems because of thediflieully or inability to picparc the 
misolvated metal chelates 

It IS interesting to note that the heat of dissociation for the 8-qumoIinol uranium 
‘ lu'late, UOjlOx)^ HOx. 21 8 kcal mole *. compares favourably with that lound by 
iu.mlitalive differential thermal analysis A value of 20 ' 2 kcal mole * was found 
' the latter investigation 

' — This work was supported by Ihc US Atomic Fncrey Commission tliroueh 

"inicINo AT-(40-n-2482 

*' Irvino, T J Bun rR and M F Rini.. / Clwm Soc 148'>(1949) 

6 W WrNui ANur and G R Horton,/ Inors; Nmf Chvni In press 

.V w WiNDi ANDi and G R Horton./ inotif Nucl Chcni In press 
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X-RAY AND DIFFERENTIAL THERMAL ANALYSIS 
STUDIES ON THE S-QUINOLINOL AND SUBSTITUTED 
8-QUINOLINOL METAL CHELATES OF THORIUM (iV), 
URANIUM (VI) AND SCANDIUM (HI) 

Cj R Hokion and W W WPNDLANi>r 

IX p iilniLDl ()l C hcmislry, Icxas Fethnological College, Lubbock Texas 

( Rf( t’li < </ 9 Jctiimii V 1 962 ) 

Vlistracl J tic vohalcd .irul tioimal H-quiiioliiiol and subslilulcd 8 -quinoliMols chelalcs ol scandium 
llll) ihonuni (IV) and uranium (VI) sserc sliidied bv X-ray dilTracUon and diircrenlial thermal 
inaKsis (Ol A) I he imil cell dimensions lor the chelalcs vs cie calculated from I he X-ray data using 
lui s method n I \ sludics shuvsed dial the solvate molecule was evolved, giving rise to endothermic 
p<. iks n the l(K) ^00 (cmpciaunc langc This peak was lollovvcd by cndoihcimic peaks caused dv 
ihc eciicial decomposilion icaclion The / foi (he desolvatu ai ot I ()_(Ov). Hf)v vsas 28 keal mole ' 
ss hifc the A// was 20 2 keal mole ' 

Ol tile many metal ions winch (oim chelates with K-e|umolin(vl (HO\) and substituted 
M-eitimolinols, only scandium (III)," " thorium (IV) " uranium (VI) <’ uranium 
(IV)'"' and plutonium (VI)'"' form “solvated" metal complevcs of the type M(Ox), 
lt(J\ wheie M is tlic metal oi o\y-metal ion ol charge // and HO\ and Ox .ire the 
chel.itmg agents m the Iree and ionic forms, respcctixely 

1 liese unusual complexes have been the subject ol a number of investigations 
Included among these are studies on then thermal st.ibihty," * '* ultia-violet visible 
.ind infr.i-ied absorption spccti.i,'^ ' thermochemistrv'” and striic- 

luie 

It IS the object ol this investigation to fuithei study these complexes bv the tech- 
nisjucs of ddlercnti.d thermal an.ilysis (DTA) and poveer X-ray ddlraction analysis 

' I iXiKR vs .ind I’ M HiRNvVs.y tnui CIhiii Su< 73.7(I9S1) AnalM C Ik m 23,7S7(I9S1) 

I III MM .ind W Rihii Roiirvvk,, \l,>nUi\h (hem 53 54,596(1929) 

"I I I rho j a Hid (him Sm 55, 4X62 ( I9tt) 

" I M(in 1 I R ,iiid M V Ramaniah (iiki (him Si>< 75, '946 ( 1 95 X) 76, 2022 ( 19S4) 

1 Moi M I U ,>nd M V RamamaH / Amu (him Soi 76. 60X0 ( 1 9S4) 

' I M(UiiiH,ind M V Kvmamaii J tmii (him Srx 76,52X1 (I 9 S 4 ) 

VV W VViNDiANiM and Cl R Hiirion J Ituiii; ,\in/ (him 19,272(1961) 

It (i Harviv, II (i lhA[,A Cl Maixrm K and 1 I Row i i v J (him Sih 1010(1947) 

S IsiiiMVRi.y (him Sill Jiifiiiii 5^, SW>(|9X2) 

'VV W W(Ni)[ANO[ iniihf (hem 28, 499 ( |9S(>) 

' I Momiir and D H W( 1 kins hwi<;ami SmiiIhms ddilcd by I C Uaiiar) X ol 4 p 101 
X1c(iiaw-Hill New 'Vork(l95X) 

M llnRR( 1 1 and R I'aris, ,l/i<i/i I (him 4< r<r 4, 267 ( 1950) 

I 11 Van T ASS) ) and W W NVim'Ianisi J imn (him Sm 81, SIX (19^9) 

\V XV Wi Mil ANOi . / (him 1< ru 17, 274 ( 19S7) 

t l)i V Al liuHi^uiui I hi I mm; i III mu ti u 4ihit\M\ pp 498 510 I Iscvior Amvtcivlam (19SX) 

I It Van 1 assi 1 and W W Wimhandi, / lni<i (hem Sm 82.4821 )19('0) 

X I s\v \R vnarav AN\ arul lll( S V' Ra(.I(ACA Kao, (him li /u 1 1 , x V 9 ( | 9 S 4 ) 

*s S \ 1 N(^A(( svv ar) ( and Rn S V RAt.((AX( Rv<» Aiui/M (him hut 12, 5S4 (1955) 

•' R lliiRioNandW XV WiNiUANiir / Sinl (him SubmiUcd K'r piiblic.Uion 

' II Va' 1 assi I W W W( Nin AND I and I Sn rm / Amu (hem Sm 83, 810 ( 1 9(,| ) 

I I’ lii livciNRu and R Noiil 1 J Amet (hem Sot 80, 29SS ( (958) 

'V VV W(Ni)iANT)i and (( R IIorion, T Imiii; Siitl (him In press 
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,< 

■ 

IliK ,H NO), C ,H, NOU 

I()(i4 

10 92 

8 41) 

90 

105 36 

90 

1 hfC,„ILNO), 

9 91 

9 1 3 

7 66 

88 52 

92 17' 

105 6 

UO (C|„H.NO) ( ,„U NOU 

1 1 8t 

1 1 45 

9 34 

109 5' 

84 19' 

107 39' 

UO.(C,„fLNO) 

8 91 

7 70 

7 36 

92 4 

96 37 

89 15' 

UO,(( .,K,Br NO), C,H,Br NOII 

1 5 80 

6 88 

12 10 

90 

93 37' 

90 

UO.(C.ll,Br NO) 

1 3 74 

10 10 

7 24 

105 r 

100 38' 

95 46' 

UO (CTIjd NO), C ,U,CI.NOH 

10 1 3 

9 94 

8 90 

90 

121 42' 

90 

UO,(Cjll,Cl.NO). 

I 1 95 

10 0() 

7 07 

103 3' 

lOi 21' 

87 

8-Qumolinol 

7 23 

685 

6 25 

92 47' 

97 16' 

91 31' 


C„H, Nf)H IS 8-quinohnol C ,HiBr.NOH is 5 T-dibroino-S-quinohnol 

C iiiH.NOU IS 2-nicth) l-<S-L|uinolinul C.,H|CI.NOH is A 7-ilithloro-8-qiiino)inol 

* Angstrom unils 

The gas cvoluiion curves were obtained on the same app.iratus as described above ' A helium 
gas flow rate ol 120 ml per min was emplo)ed 

Chitfuttils 8-Quinoimol. m p 74-76 , was oblained liom ihe Matheson. Coleman and Bell Co 
Norwood Ohio 2-mcthyl-8-quino[inol. m p 72-71 5 , Iroin the Aldrich Chemical Co , Milw.iukec, 
Wise, 5,7-dichloro-8-qumt)hnol m p 173 174 , and 5,7-dibiomo-8-quinolme)l. in p |y6-l98 troni 
the Eastman Organic Chemicals Co , Rochester 3, .N Y , scandium ovide 99 8 per cent puiity, from 
A D MacKay, Inc , New York, N Y thorium nilrate 4-hydralc from the landsay Chcmic.il C'o , 
West Chicago, III and uranium (VI) nitr.ile 6-hydralc fiom Merck and Co , Rahway, N 3 

All ol the other chemicals used were of C p quality 

Piepuiutwn of metal chclatrs The solvated 8-quinolinol and 2-melhyl-8-quinolmol chelates ol 
scandium were prepared according to previous methods ",,;'.i 

The 8-quinolinol, 2-mclhyl-8-quineshnol, and 5,7-dihalo-8-quinolmol chelates of ihoiium were 
prepared as previously described "’S 

The 8-quinolinol, 2-mcthyl-8-quinolinol, and 5,7-dihalo-8-quinolinol chelates of uranium (VI) 
were prepared as previously ",:u 

All of the above compounds were analysed either for metal content by ignition of Ihc complev 
to the metal oxide or for nitrogen content by the Dumas method 

RESULTS AND DISCUSSION 

X-raf itudie^ The unit cell dimensions and densities of the metal chelates and 
8-quinolinol are given in Table I and 2, respectively 

The i/ spacings for the solvated and normal thorium chelates were only in fair 
agreement wjth those previously reported There were several major low-order 
(2JI T Pro, X-ray Studies on Polymorphism, pp 187-288 Maruzen, Tokyo (J 949) 

C Ooirt-RlFo, StruLtiirbenchl, Vol 4, p 315, Edwards Bros , Ann Arbor, Mich (1943) 

( 2 oi w VV WfNDLANor, Analyl Chtm Acta 27, 309 (1962) 

'*«’ J P Phillips, J F Emlry and H P Pricf, Analyi Chem 24, 1033 (1952) 
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hues w Inch citiici cievialed considerably or were absent from the previous work Also, 
iiioie lines were found in this investigation for these complexes and also for 8-quinO' 
lijH'l 1 he reasons for these differences arc not clear Several differences which may 
haw Laused this discrepancy arc the experimental techniques, i e diffractometer 
M.I sus powder phologiaphs, pai licic si/c of sample, the presence ofallolropic forms of 
die Lhclatcs aiul the method o( piepaiation I he samples used in this study were 
piohahiv moie crystalline tlian those previously employed 

ll has been picviously leported that all of l!ie normal ehclatcs with 8-qumolinol 
weie of nioiuxhnit symmeliy w heieas the solvated complexes wcic Inchnn. thus 
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It would seem that the introduction of the solvate molcsule distorts the unit cell to a 
system o( lowci symmetiy This lias not been found to be true for the substituted 
S-c|uinolinols In the dicliloio <iiul dibromo quinolinol Lomplcxcs tlie introduction 
of tile solvate molecule distoits (he unit cell to a system of higher symmetry, tlie 
noi ill a I chelates .no trie lime whereas the solvated chelate were of inonoclmic sy mmetix 
1 he leason lor these dilferciicc’s is not known at the present time The complexes 
I 'OdOxC H,) HOxCH, and UO^tOxCH ,)i. vveic both of tnclimc symmetiy with an 
nvtiall elongation of*all of the axes The greatest distortion occurred, howevei along 
the (I and /> axes 

It IS of interest to note that the complexes, flifOxlj HOx and Th(Oxl, weic both 
|>I ninnoclmic symmetiy and tlius did not fit tlie general pattern for the 8-quinolinol 
metal chelates The norm.il chelate compared to the solvated metal chelate had only 
<i slightly larger unit cell while the volumes'"'*’ were almost identical (932 A-* for the 
f I and 940 A* for the ^ I chelate) 

HTA studies The DTA curves obtained in an argon atmosphere are given in 
I igs I and 2 

The solvated uranium (VI) 8-quinohnol complex (fig 1-A), gave endothermic 
r'c.iks w ilh peak maxima temperatures at 150 , 3(K)and 450 It was first thought tliat 
■ 'c peak at 150 ' was due to adsorbed water but the gas evolution curve indicated that 
iis peak was due to some sort of rearrangement reaction since no gaseous product was 
"bed Similar conclusions were drawn ffom a thermogiavimetnc analysis (TGM 
"I'e for this compound in which no weight loss was recorded up to 220 The peak 
"'IH) corresponded to the loss of the solvated molecule of 8-quinolmol and the peak 
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at 450 ’ n J*. due to the lo'.s ol the lenuintiv^LheUinu^A^ent and ^eneial dceompo'^iiion 
of the Lomplc\ The normal luannim S-L]iiinohnol iomple\ t'()j(()\)j (f ip 1-0). 
ga\c onl\ an cndothci iuk peak with a peak ma\inia tcmpciatuie .i( 4'^() fhi', peak 
correspttntlcd to the ioss of Ihc X-quifio/mo/ and ^cncial iltvoinpositioii .is u.is experi- 


enced in tile c.ise of ( i(_)j(()\)j ll()\ 

- " ^ J 
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The complex. Se(0\)^ lIOx (Fig I-C) gaxe no distinct peaks vvhieh vsoulel indi- 
cate the loss of the soK.ited molecule 5if K-e|umohnol Tins \s.is m agieement with the 
TGA icsults which showed that a clicl.ite eif 3 1 stoicheiomctiy could not be obt.uncd 
by heating the 4 I complex Iheic v\as, hovcexci a bioael. ill-dcfined endothcimic 
peak with a peak maxinuim tempeiaturc at .ibout 120 This peak was pioliably 
caused by the total decomposition oTthc complex since it is not possible to prep.ii^ the 
normal chelate by heating 

The complex rh(Ox), HOx (I ig 1-D) gave lliice endothcimic peaks with peak 
maxima temperatures at I “iO 310 and 410 The peak at 150 was due to the desol- 
vation of the complex from the 5 I to the 4 I chelate 1 his peak also contained a 
small endothermic shoulder peak with a peak maxima temperature at 140 Van 
Tassfi and Winoi andt'"’ h.ivc picviously reported that the solvated thorium 
8-quinolinol complex decomposed thermally according to a two step reaction 

2Th(Ox), HOx >- Th(0\), .j HOx HOx (I) 

Th(Ox),^HOx ►2Th(Ox)^ ' HOx (2) 

This could explain the occurrence of the two endothermic peaks and also the two gas 
evolution peaks found in the neighborhood of 150 The remaining two peaks at 310 
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and 410 corresponded to the loss of the remaining 8-c|uinolinol and pyrolysis of the 
chelate The normal complex, Th(0\), (Fig t-F), gave two endothermic peaks with 
peak maxima Icmpeialiiics at 280 and 410 lioth of these peaks corresponded to the 
decomposition ot the 4 I metal chelate The reason for the shifting of the first peak to 
a slightly lower tcmpeiature in the 4 I complex is not known since both complexes gave 
identical peaks at 4KT 

The normal 2-mcthyl-8-c|Uinolmol thorium complex. Th(()\CFI,)j (Fig 2-A). 
where OxCH, is the 2-melhyl-8-ciumolmola(e ion, gave only a single cndolhcimic 
peak with ii peak maxima tempciaturc .it 440 This peak was obviously caused by 
the genei.il decomposition of the complex 

4 he solvated 2-mcthyl-8-c]uinolinol chelate, SctOxC'H,) HOxCH, (Fig 2-B), gave 
a senes of cnclolheimic peaks with peak maxim.i tcmpeialures (for the prominent 
peaks) at 100 . 1 50 and 350’ 4 he peaks at !00 and 150 probably corresponded to 
the dosolvalion icaction since it is possible to thermally ctvnvert tlie 4 I to the 3 1 
chelate The 3 1 chelate docs not appeal to be very stable as evidenced bv the 
broad endolheimic peak between 175 and 340 1 he peak at 350 must also be related 

to this decomposition le.iclion 

I he solvated 2-methy l-8-c|uiiu>linol uranium (VI) chelate. LJ()^(OxCFI,)^ HOxc H, 
(Fig 2-f)) gaxe two laiily large endotheimic peaks with pe.ik maxima temperatures 
.It 250 .incl 300 , and .i small bro.id peak at .iboiit 400 When this ciiive is compared 
with that obtained foi the noimal chelate, lJ(T(<)xCH d,. (Tig 2-C) it is seen that the 
latter compound has the same peak maxima tempciatuies but that the 250 peak is 
much smaller TIic only conclusion that can be diaw n (lom this is that the desolvation 
icaction and decomposition of the noimal chelate occur at the same time (the 250 
peak) followed by fuilher decomposition ot the normal complex (the 300 peak) This 
bcli.ivioi IS dillcront tli.in that found for the uranium 8-ciuinolinol chel.ites 

kiiielu one/ heals o/ ilissoe union suuhcs The activation cnergv f was deiei mined 
lor (he desolvation reaction 


U<:M()x)M10x(s) ► l!()4()x)4s) H()x(g) (3) 


by ii DTA method This method is based on the rcl.itumNhip 
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as oiigmally derived by Borciiariji and D-vmi is'-"’ wheie A is the rate constant K is 
<1 constant characteristic ol the apparatus I is the total peak arc.i C',, is the total heat 
vapacity o( the react.int or reference material, A Tis the dilfcicntial tcmpci.iture i is the 
Inne, and a is tlic area of the peak up to lime f Assuming first oiJci reaction kmclics 
md since C is normally cpiite small, the aboxc cc^uation was reduced to 


An Arrhenius plot ol log A. vs l/T resulted in .i stiaiglit line vvlu'sc slope v lekied .in 

II J HoRiMAimi .ind I Dvniiis J Anno Chew Sot 79,41 (1457) 

M Padmanaiii AN, S C SARAiSAandA K Si'nharam J liioie Siul e hew 12 7 Sc,(i 9 c,()) 
8 P Ac.arwala .ind M C Nais, Aiuiht C hint 4</u 24, 128(1460) 
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A PHASE TRANSFORMATION IN THE WURTZITE AND 
ZINC BLENDE LATTICE UNDER PRESSURE 

C J M R{K)ymans 

Philips Rtseaich Laboratories N V Philips Gloeilampenfabriekcn Eindhoven-Netherlands 

(Received 2 July 1962) 

Vbslracl I rom the behaviour uniler pressure of some )l VI compounds with a wurlzite or zinc 
bltndc slrucUire it is concluded that the high pressure polymorph of these compounds has the rock 
s ill slrucliuc I his IS conlirmed by the results ol a study ol MnS under pressure 
\M explanation lor the low resistance under pressure is suggested 

In a recent ailicle the marked cfTect ol pressure on the absorption edge of some Jl-Vl 
compounds vxcre described We have measured the effect of pressure on the resist- 
ance at room Icmpcr.ilurc of some of these compounds, among others a CdS and a 
CdSe sample \s ith w ur(/itc structure, in an opposed anv il apparatus The results are 
shown in Fig I The pressures at which the resistance drops steeply arc lower in our 
investigations than the pressures at which the large shifts in the optical absorption were 
lound, .ind also lower than the pressures reported by Katm. \s el for the abrupt 
change m resistance in CdSc It is probable that this difTerencc is caused by a dilTerent 
Inction 111 the ccpiipment used The cficct of pressure on the resistance was resersible 
m these eases, with some hysteresis, as can be seen from Fig 1 



As already menttoned by F-OVvards and Drkkvmir"’ for the ease of CdS the 
my diagram of such a material clearly showed a change after the pressure treatment 

I Lowaros .tnd H G Drrkamir, P/nv Hei 122,(4)1149 11461) 

1 fiRKa.s and G C Kfnnujy, 4i>iei J Sci 254,722 7''5(I9S6) 

' ^ Km MAS I P Wahi leois H C' C»AU)s ,ind M D Bams Lincoln I ,ib , Qu,irtcrlv Pr v^rcss 
^'■r 10-61, Div 8 Group 51/26, p 31) 
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C I M KcH'^mnns 


The niatciial wliiJi i:a\i. a pme uuH/iIl hiaeiam hclotc ^^a^ m both eases convened 
for the mcatci pail into .1 inatuid uhiJi eoe a .in. Idcnde tsps of'diaijram 

AhhoU'^h tnw \KI)s r/ ,// jhcuh Iinntioncd the p.>^slblhl\ of a phase traiisfor- 
nufion oJuiiuio under ivcs.mc f/iet pioposcd no phwsiNe espLuuluw la, .uchun 
c\cni \ diiLxt prcs'.iiic-nnIiiLcd ftaiisit/o/i horn a wiirl/ile to a //tie h/endc l.illicc is 
not 10 ht csptxicd as hot/i loims fi.iie \e/\ iic.nh the same densil v A liatis/ljo/i to 
the liquid sinti. IS ulso ni't v.j\ piohabic lioiii liiLMiioi.i\ naiiiiL unisidcrdtioiis A 
I fansition fiou c\ <. f l<> u sii us litre \\ iih six co-oidiiiuliiin sijc h as the 1 ik k salt sit nature 
IS (.[iiite w cl I possihh 

1 o sliLsk I fiis k)l.i a s.nn pi. of \liiS 111 (li. molasiiihle ui l/itc latlisc u as given the 
same piLssutc lic.itmLiit The ilepvndciive of llic lesistanee on piessuic was similai to 
the .licet loi CelS, the dillerenec being tlial in MnS the elleel was almost 11 reversible 
After the m.asm.ments an \-iav iliagiam showeil tliat t!ie sample was eomplelely 
eonverled into the stable u'ek salt tspe ot stiiieliiie 

1 Ins transition is lavomcii bv a I iige intiease m density ofabout 20 pei eenl The 
iattiec eoiistant of'eiibie MnS with roek salt stuiettne is 5 20 A wliilst tlic lattiec 
eonstant vd metastablc eiibie MnS w ith /me bleiule sti iieliiic is 5 C>0 A the latter beimz 
as dense' as the wnil/ite phase used m mn experiments 

hmthei evidciiee lot a tiaiisition into a roek salt t)pe slrueluic m these II VI 
eompouncis is given bv \-iay diagianis of C dTe samples taken altei the same pressure 
treatment 

rhese diagiams of the /me blende Ivpe phase CdFe. the icsistanec of whieli also 
showed a marked variation with pressure eieaily exhibited extra lellexions which 
could be indexed t'oi a eiibie cell with a lattice constant ol 5 59 A This indicates a 
Cd Te dtslaiice foi tlie lock salt lattice ot 2 SO A about the same as found in the 
/me blende lattice ( i \ (^) b 43 A) It is piohable that local stresses pievented 
the maleruil tiom retaining to the oiiginal lattice, us alter powdering of the tfiin 
plate-likc samples, tlie extra icHexions hail completely disappeaied I he fact that tins 
rock salt tvpe Cd fe is present under conditions of liigh liKal stiesses implies that the 
lattice constant has a smaller value than in the case that this sliiicture would also be 
stable at atmospheric picssnre 1 his explains at tire same tmre that the Cd I e viistance 
was found to be the sanre lor both co-ordmafions, which would be a deviation of the 
normal hehav umr for ionic compounds f or compai ison one must keep m mind tliat 
the Mn S distance foi nearest neighbours m the rock salt lattice is 2 W) A, whilst dris 
distance in the /me blende or vvurtzite type of structure is equal to 2 43 A 

A phase tiansition in CdS and CdSc to the rock salt structure under pressuie 
explains whv the nraterial after this tre.itmcnt is mainly of the zinc blcntlc type, and 
not of the wurt/ite type of structuie When the pressure is lowered the Cd-ions return 
to a tetrahedral position in the neighboiirliood of the fornreily occupied octahedral 
holes without ilisturbing the cubic closed-packed layer structure of sulphur ions, 
which IS the same tor both the zinc blende and the rock salt structure 

It is nut to be expected that a rock salt type of structure would show a much lower 
resistance than a zinc blende or wurt/ite type of structuie of the s.ime compound It is 
therefore worth mentioning that a pure MnS sample, prepared under conditions such 
that the lock salt structure was formed directly showed a resistance that was quite 
high and varied only slightly with pressure 

This IS 111 striking contrast with the resistance of the MnS sample, transformed 
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undci prcssiiic from Ihe wurt/itc type of lattice into the rock salt type, although it was 
picp.ucd liom the same raw materials 

I lie dillereiice between these two samples can therefore only be the degree of 
ide.ility ol the formed rock salt lattice flic drop m resistance ts thus thought to be 
lelated to tiic gicat numbci ofdcfcLts in the rock salt structure, every cation, which is 
not pushcvl from his tetrahedral place acts as an interstitial after the transformation 
It must be lemaiked also that the rellexions of the X-ray diagram of the pressure 
tiansfoimed rock salt type MnS were much broavler than in the case of the directly 
piL'paicd lock salt type MnS 

Picliminary measuiemcnts of the temperature coefhcicnl of the resistance, as well 
as measuiemcnts of the Seebeck effect undei pressure indicate a donor level at about 

0 t eV below the conduction hand Ihis is about the same energy gap as found by 
Smiiii and collaboiators for some 111 - V compounds under pressure 

Ihe low resistance of the transformed phase of these compounds is therefore no 
justification for the assumption that the high pressure polymorph would have a struc- 
ture similar to the metallic white tin structuie as st.ited by J \\ vitAVi \\ tv a! Indium 
and tintimony are indeed bolli neighbours of tin in the Periodical system, their other 
neighbours are however cadmium and tellurium, the compound of which has a high 
piessure lock salt type polymoiph as staled above A tiansilusn to a rock salt type of 
sliucluio seems therefore to be as plausible for the III V compounds as a collapse 
lo a form similar to the white tin stiuctuic 

SoU' (lihkil m jUiHif Vliv rccciuly ific sliiicture t>l the liigh piessure phase ol InSb is resolscd b\ 
\-iay ililliaelion undei pressiiie'* ' I lie rclfcvions l(Hind wi rc in igrcenunl w ilh the model proposed 
h\ I vv Mi vM VN 1 r i//' ' n uiisK i sli ucluic siniilat to v\ hue tin 

P I Svillil.uid I L Mvkiis \’cinii<’. / o/tti 196 (4Ks()| 7(>2 1 l')62) 

I ant h ippy lo ,tckno\\lcdec the help ol Dr A C \iisand\It P C \ vs oi r 

1 iMii N ol our la boi atones ii>r piov id mg the s.iniplcs and hciplul dissussusns and M iss J C Rt tsu rs 
loi ltd help in ihe cvpv/inicnlal woik 

' P 1 Ssiiiii I H Kiso.uidll A (ii mm . I'lepnntsol ihv Svinposiuni on the Pitvsn.s ind t hciiiistrv 
ol high Prcssuies 27 29 June 1962 

\ IvvvKAMAS, R C Ni w los ami (i C Kissiov Nunue / o/ii/ I9I (479s). |2SS(19(sl) 

' P I Smmh and J I Mvriin, A'emr/c Loiul 196 (4XS()), 762 (1962) 
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X-RAY STUDY AND THERMOELECTRIC PROPERTIES 
OF THE NbSi.Ge, , AND THE TaSi.Ge, , SYSTEMS 

L H Brixnir 

fc. I du Ponl dc Nemours & Company 
Pigmenis Deparlmtnt, [Xpcrimcnial Slatton, Wilmington, Delaware 

(Rc((-iu(J \ HJime 1%2) 

Abstract The AlT-lypc silicicies and gcrmanidcs of niobuim and tantalum as well as numerous solid 
solutions have been prepared and were stiiielurally ehaiaelcri/ed All compositions erystalli/c in 
the (-40 type, and complete solid solubility between the eoriesponding silieidcs and gcrmanidcs was 
expel leiiecd T he thermoclceti le pai ameters were determined at r<iom temperature for all compositions 
and ilso at highci tempetatures lor the speeihe compc'sition NbSifie 

Sin 1 1 has shown that there is a rather drastic reduction of the thermal conductivity 
111 silicon gciiTianium alloys as eompaied to the individual elements It was hoped 
lliat a similai though pci haps less spcclaciilar reduction of thermal conductivity 
miglit be achieved with a corresponding silicidc geimanidc system Since the AB^- 
Ivpe sihcides and gcrmanidcs of niobium and tantalum arc isoslructural and hence 
loimalion of unlimited solid solutions of the types NhSi,.Gc_, and TaSi,Gej j. was 
piedictablc, these two systems were chosen (or this investigation The binary end 
members of either system are well established compounds NbSo. NbGe, and TaGcj 
woie (list described in the liteiatiire by Wm i " and TaSi, by Honk.sc 

Lle'cliical pioperlies bn NbSi^ and TaS^ weie icportcd by Nisphor'’* The four 
compositions ciystalli7C in the C40 typo of CrSo with melting points langing from 
about 1600 C to 2200 C 


hXPf RIMl NT \l 

1 I'l I pcKlUOH 

The sohel snluUoiis tie scribed m ibis p.iper e.in be prcp.iied eiiher b\ ihc powder-meUilluigieal 
lethiiique ol sealing the high-puiilyeomptinenis weighed to tile neatest milligram in qiunl7 ampoules 
and heating these to a' read ion temperature ol 12(X) C for 20 30 liouis oi bv diicet eoinbinalion m 
an lie melt Alternatively melting can be perlormcd by indiielion heating in a water-eooled copper 
boat lloili leehmejiics have advantages and disadvantages In the Inst ease ibc rcaetion prciduet is 
I powtiei which can easily be pressed ml<v any desued shape but the compact needs to be sintcre'd 
■’uhsct|ucnlly to deselop stieiimh Depending on the sintenm; temperature, the densities obl.uncd by 
ihis licatnicnt varietl between 80 and 9S pei cent ol ihetiietieal \ie-melted buttons as well as rods 
inelled in the copper boat on the evtber hand, were cssentiallv KXI per cent dense, but required 
in lehinuig in ordei to obtain a desired geometry 1 ortomposilions high in germanium eenie'eniruion, 
die lust loulc was generally preferred the eompaetcel bars bung smtcicd bv induelivo healing in a 
iler-eooled copper boat 

3 f / I apliic ( huicHfi I iraridii 

Samples for X-ray studies vveie generally taken Irom the ceiilic ol fused specimens Ihev were 
uishcd in an agate mortal to a particle si/c o( mesh Powder dilliaelion p.itlerns weie taken 
■ah a Phillips 144 6 mm diame'ler camera at 25 C The samples were sealed in 0 2 mm diameter 

M C Si III t and P D Rost, / 4ppl r/n^ 29. IM? 1520(1958) 

II I Waiibacm, Mclallkimilc iy, 381 H94I) 

II J Wau iiAi M, Ari/i/i M7ne/;r<//fl/re/r 32. 76 77(1944) 

<• IIONK.SCHMIII. A/umi/v/i Chem 28, 1017 1018(1907) 

3 S NispiioRandG V Samsonov, TViiv 5, 877-880(1961) 
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I mdtni.iriii i^Liss i.jpillai(c's aiui wtic i. (i) lilt K. , i.iili.iluni iW ti'piitr (/ ■'•liSA) lor 

he I vv Lt. II 4 ^ind (' 111 OeiisK Its \eei e eietei iiiiiieel hv v leiiLiiii-eliel llltili^ C C fi OllUi (he saniple etiril Jiricd 
III .1 inf pve miiiK ler I/ie p.ii iiiicle le j;i\cn iii I a hit I e.iti he eonMt/e leel <iee iii.ift (ci 0 (M)^ A for 

bolh i7„ liul I,, If tile' pii inieleis oi the ileil'.ilies ”ivcil Ml ihc Uihle ale plolltel as a fllilelioil ol 

eomposilioii 1 liiieai icl itioiiship ean he e'hseieeel 
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1 109 

1 

1 42 905 

7 911 

7 79 

Nht.c, 

Sin 

t 40 

4 910 

b 710 

1 171 

1 

1 40 5| 1 

7 05 1 

7 5) 

Nbt tc. 

Si 

t 4t) 

4 904 

t. 721 

1 170 

\ 

1 19 970 

7 201 

7 21 

Nbt.C; 

,.Sl M 

t hO 

4 88"; 

f, t,s2 

1 108 

1 

1 IS 080 

0 982 

0 97 

Nbt K 

Ai, 

t 40 

t 851 

t) 05() 

1 lA) 

1 

1 15 011 

6 701 

0 41 

Nhtic, 

,Sii 

( 40 

4 8 14 

b 015 

1 171 

1 

1 14 272 

b 154 


NhC.s 

. Si, 

r4t) 

4 821 

0 02 1 

1 171 

1 

111 105 

5 980 

5 90 

NbS'. 


t'40 

4 801 

6 004 

1 175 

1 

1 11 910 

8 bib 

5 59 


1 Lli ( tj n n! pt I >/>i I IJi 1 (iiul ihi ! inul < inidin ui it i 

In Older lii e'ealtijlc the' eompositioiis as iheiilioeleeliie iiiale'l lals, the' peitiiieiit paiaiilelels wele’ 
measuicel iijiileK cleetneal lesistivily /idieill) Seebcek eeie'flieielil St/iV/elet;) aiul lllelinal eoil- 
eluetisilv s (twills 'em eleg) m oiele'l 10 be able' to eompule the 1 igure Ol Merit ' /(ele'g gisell by 
Z S p ' s ' I he samples use’el lot the ele’etileal llleasuielllellts «ele b.lls ] in | in 2 111 , 
whieh seere either hol-presse'tl ( ) 's()0 (' MK)0 lb in ) or eoki-piessed anti subsequently sintered by 
tilduetite heattng to be'Ose'eii I ^OtJ ,ind ld(K) C' hither prtKeduie yte'ldcd detlsities atolind 90 pereenl 
ol theoretic il and all measurements icportcd arc charaetcnstie esi this eondition only no es- 
Irapolalion to theoretical densities ttas attempted fhe de resisln ilies were dcleimiiie'd by a iwo- 
ptiint method Using a standatd 0 01 i.2 rcsistaiiee a 2V battery as a pouei source and determining the 
potential drop with a Leeds and Northrup I ype K2 poteiitKiiiielcr On aeeounl of sample inhomo- 
geneilies precision of no belter than 5 per cent can be elaimed 

The Secbcek eoefbeiciit was measured with a Type K2 poleriliometer m eombrnation with a 
gahanometcr Thermal e ni f ssas generated by butting the bars between two copper blocks tuincd 
from the same piece of stock, one of which was heated by means ol a heating tape, the other watei- 
cooled by a cod soldered onto the block The temperature gradient vsas measured by means ol two 
thermocouples located m holes driltcd to the centre eil the bar immediately behind the contact laces 
Here again the error will be about 10 pei cent F or the measurement o( thermal conductivity, two 
techniques were available One is the comparative stack technique, fust described by Lranc i and 
KiNtitKY'®' which will be discussed below in connection with the high temperature data, and the 
other IS an absolute technique similar Ui that described by Wf iss T he results in Table 2 were all 
obtained on samples of about 90 per cent density by the abseslute technique and can probably be 
considered reproducible to 10 per cent, whereas the high tempcratiiic thermal conductivity results 
are probably no better than 20 per cent The electrical properties presented in Table 2 were also 
measured on bars 90 per cent dense 

From the data in Tabic 2 it becomes apparent that the anticipated reduction of thermal con- 
ductivity by substituting germanium for silicon was achieved, although in a much less signihcant 
way than Silhf {/oc tit ) experienced for the Si-Gc system The largest difrcrcncc was noticed 
between NbSi,. and NbSiOc where k. was reduced almost by a factor of three The lact that the 
thermal conductivity ol TaOcj was found higher than that of NbGc, appears odd, but since the 
accuracy of the measurement is probably no better than ' 10 per cent, the dilTercnce falls almost 

J FRANCiandW D Kinoiry / Amer Ceram Soc 37, 80 84 (1954) 

H Wliss, Ann Phw Lpz 4. 121 (1959) 
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Taihi 2 

Ri sisiiviiii s, sit III ( K ( oil nr UNIS and iiit rmai t onihk 
Ol soMi McSiAjc. r(Mc Nb La) < omposii ions 

Jivn/is 

( ompositioii 

Resistivity 

(mflcm) 

(25 C ) 

Resistivity 

(mQem) 

( 1 96 C ) 

See bee k 
coelheicni 
(/iV/deg( ) 

[ henna 1 
eonduelivily 
(W/em-deg) 
125 cT 

1 igurc ol merit 
z' (deg ' 10-) 

(25 C) 

laC'ic. 

onf5 

0 013 

11 

0 35 

0 99 

faCie, ,Si„ , 

0 tMh 

0 028 

1 1 

- 

- 

1 fiGeSi 

0 060 

0 03 3 

14 

0 21 

1 6 

laGe ,Si| , 

0 073 

0 044 

17 

0 24 

1 7 

faSij 

0 0X2 

0 0S2 

18 

0 37 

1 I 

NbGe, 

0 067 

0 031 

12 

0 31 

0 70 

NbCie, ,Si,i , 

0 077 

0 063 

17 

0 19 

2 0 

NhSKie 

0 OX 1 

0 065 

22 

0 16 

3 7 

NhSi, fie 

0 060 

0 047 

20 

0 20 

3 3 

NbSi_ 

0 0 )8 

0 063 

19 

0 42 

0 9 


sMtluii the inaigiii ol tiioi Note also that the rtdiittK>n of s for laSh by alloying sMlh FaCiC, is less 
pi oiioiiiitctl than in the torrtspondint; Nb sysicni The clettrital prciptilits lor NbSo ami TaSo are 
111 lair agreement ssith those rt|Xii(eU by Nisimior t/ot <(t ) It is apparent Irom these results that 
these' siheules and ge/m.inidcs ate stibsiaiiees with essentially metalhe eonduetiMiy and unpromising 
iheimoeketne piopeities at room teinpeiatiire Newnhelf-s it still appealed ssisrthsshile to 
iniesi igate the e Ice ti leal bcha\ loiir ol some o( the tomposiiions as a tune l ton ol tempt rat tire 

I he ebange in piopeitics ol NbSiCre re'prcsented with increasing lenipei .iiurc are presented in 
lie I An merease o( the l-igtiie <'t Merit (lom 5 It) ■ at loom lemperatiiie to 4 ID 'atlOtWC 
was e.ileiilated fioiii the measuied paiamelcis 



T "C 

I Ilf I 1 hermoeleeti le properties of NbSiCic as a Uinelion ol temperature 

the Iheimal eonduetisity ol this sample vsas measured at elesateil tempeiatiiics bv the teehninuc 
desLiibed by ) rani i and KiMitRi t/m <// ) I he sample was bot-piessed into a J in diameter 
'^hnder 1 m long I he test speeimcn was saiidwiehed between two standard alumina rods of the 
line dimensions, which were obtained Irom the Noiton C'omp.inv ind had a reported thermal 
' 'mkielivity over the investigated tcmperatuic lange ot 002 w deg-ein The room-temrvci aturc 
hie of 0 12 w/tm-deg by evltapolation liom the lowest point ol the mtasincmenr which iisiiallv was 
' I lined at ISO ISO C isinf.iii agietmenl with the’ indepiendentlv delci mined value ol 0 lOw em-deg 
t The A / across the sample lor the hitth tcmpcraluie mcasuiemcnt was kept between 10 
' -D C In general, the Iherm.il eondueliviiv dctieased with meie.ising lemperaiiire tollowmg 
' luximalcly a 7 i i elaivonship as demonstrated -in I'lg I 

1 he independent thermal eonelueliv ily meMsureine n! lor NhSiGe was oblaiiie'd on .1 specimen ol 
' pel ecnl ol thcorctieal eicnsitv which had an cleetrieal re'sislivilv ol S') nliein According to the 
demann 1 ran/ Law, wc can calculate the clcetionie eontiibiUion to the thermal eonduetivitv to 
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be 0 OS ? uliitli lepiescnls loiighlj one-li.i)!' of ihe lota! conclueliMly With a Secbtck 

cotMiLKnl ol 23 ii\ j C loi this jiauieular sample, a room temperature F iguie ol Merit of 3 7 ^ 10 ■’ 
tleg ‘ sail be ealelilalet) 

/Viiolhei tlieimal eoiidiKtis ii> measiiiemcnt was performed on a rather porenis sample eif only 
7<S' pel sent c'f theoretieal deiisitv and a s-\aliicof 61 mW/cm-efeg was observed, vvhieh is only about 
3S'„ of the v.ilue of the denser spceimcn Ihe eleetneal lesistivity ol this paitieulai sample was 
0 I 7 mil e m a little o\ e r tv\ lee the value ol theelcnser speeimen 1 he Seebcek eoe the lent of 24 iiV/ C 
leniained .ippi ovim lie Iv eonsuint I hese icsults suggest a shift in tavoui of an improveet lalie) 
between eleeiiie.il and ihemia! eotidtieiivilies iipem lowciing ihe dcnsiiv of Ihe eoinpaet This is 
letleeled in the shghllv impioveii I iguie ol Meiit ol 5 3 10 , as eompaied to 3 7 10 ' 

nisc'i'ssioN 

In stiiiiinaiN we'eaii stale’ that the silieielcs anel gcinianieies iiiNcstigalcel aic cssen- 
fialK niefallie iti e liaiaeler as elcduecel fiom the \ci y lovvclceli leal i csisliv ity, exhibiting 
a positive lempeiatiiie eoethcienl aiul the low ihei meielcetrie povvei Flowevet, sinee 
the eleeteasing tlieimal eondiietiv ity plus the iiieieasing Seebeek eoctlieicnt more than 
ee'unteih.ilaiiee the using lesistivity it appeals that at high leinpeiatiiics these 
mateiials mav yet have a range ot tisefiilness as powei-geneiating thci nioelectrie 
nialeiials pailietilailv sinee their othei phiysieal eliaiaeteristios siieh as high melting 
points stability and even some dcgiee ol ox.dation resistanee, aic eiiiilc favoiiiablc as 
eompaied witli t'oi mstaiiee sulphides, selemdes and telluiides if indeed theic is a 
piaetical need foi thetimieleelric energy eonvcisiem at tempeiatiiies above 1000 C 

Ukm/nhd^’i hh ut - I he author gu ally .tpplee laled the assislancu ol 1)| (/ 1 1 1 n it e'l Ole I nginecmig 
Resvaieh Laboiatorv in ohiaining the lepoited \-iav d ila 
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ISOTOPE EXCHANGE OF THE OXYGEN ATOMS IN 
MOLECULAR SIEVE ADSORBENTS WITH WATER 
AND CARBON DIOXIDE* 

S C SAXhNAt ‘'ind T I Tayior 

Chemistry Department, Columbia University, New York City, N Y 
(Reel It ed 9 Ju[y 1 962) 

Abstract — The use of inolceular sieve adsorbents for the continuous recovery of H3''‘0 from the gas 
stream ol an isotope separation system is eomplieated by the exchange ol oxygen atoms between the 
water and the adsoi bents About 75 percent of the oxygen atoms in the molecular sieve adsorbents 
exchange with H d*0 in 2 hr at 250 C At 1 "15 C, only 24 per cent of the oxygen atoms exchange in 
64 hr, and at room temperature the exchange is very slow Carbon dioxide exchanges with about 
the s.ime fiaetion of oxygen atcims in the molceular sieve adsevrbents as water detes This exchange 
piobably oeeurs through small quantities e>f water vapour since after prolonged drying under high 
vacuum at 250 C, the rate of exchange with carbon dioxide is somewhat slower Oxygen i;as does 
not exchange at 250"C with molecular sieve acisorbcnis in the piesencc or absence of water-vapour 

Waii R-vapoiir is frequently remoxed from gas streams with ealeium aluminosilicate 
ailsorbents such as molceular sieve No 5A J The method of using this adsorbent for 
lenioxing and recovering from a gas stream is influenced by the extent ofoxygen 

isotope exchange 

The reflux system for the concentration of oxygen- IK by the chemical exchange of 
mine oxide with mine acid solutions*' -* requires the rather complete removal of water 
lioin an exit gas stream and the return of this water to the exchange column The 
water is produced m the final stages of the reflux system where the nitnc oxide is 
reacted with hydrogen to form water and nitrogen Condensers, cooled to about O'C, 
remove most of the from the exit nitrogen gas stream, but this still resulted m too 

gieat a loss of ennehed isotope Therefore, molecular sieve adsorbents were used to 
eonlinuously recover the final traces of from the gas sticam as illustrated m 

I ig 1 Two adsorption lubes were placed in parallel so that one could be used while 
ihc other was regenerated After one hour of use, an automatic control system oper- 
ated appropriate solenoid valves for divciting the gas flow to the second adsorption 
tube, admitting at the same time a back-flow of dry nUnsgen for regeneration of the 
lust lube Duiing this regeneration, the adsorption tube was heated to about 250 C 
for one half hour and then allowed to cool for the remaining one half hour of the cycle 
If o\ygcn-!8 of the water exchanges with the oxygen atoms ol the molecular sieve 
wisorbents during the above operations, the hoid-up at the reflux end of the isotope 
' \tliange column will be significantly incieascd This will decrease the rate of increase 
"I 'nygen-18 in the exchange column Consequently, it was impoitant to determine 
helhcr or not the molecular sieve adsorbents exchanged a significant fraction of their 

fills research was supported in part by a grant from the U S Aiomiv t nergv Commission, 
‘ 'ir.iu Ar(SO-l)755 

Now at the University of Rajasthan Department of Physics Jaipur, India 
I’rodiKt of Linde Co , Division of Union Carbide Corporation New ) ork N > 

' I lAvioRandJ C CcARkr, 7 Chern Pins 31, 277 ( I95ij) 

' 5' SAXiNAandT I Tavlor, 7 Phw Chent 65, 1480 (1962) 
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r t(i / ( oikkkmii^ i(.i.i)A(.tv ol If.’O (rom a sirc^tiii iisin:^ 

.u1m)i bcnl-) in lubti I ind 2 Tht tim\ nunimct-l on ihe sb.ili ol a ' at'lir inoiiti 
operate s bUi.uid S (I . to the hcalci s and miili osu lUh^.^ Sll and S (I , 

to the soltiioid \ahe-^ 


ftxyneii alomx with Ihe lesuils shttuld also be of nitciest lot liaeci expeii- 

ments in which niolccitlai sic\c adsoibciits are used as drying agents or catalysts 

f Xl'I RINH NIAL 

hi'/U\ iJulJclms front the supplier* dcsciibc the General properties and eoniposition ol the 
moleeulat sieve adsorbents I\s\k at u/ ’ have also vlitei mined a number ol the propet ties ol this 
adsorbent in eonneetion with its use in gas ehroinoU'tjiaphv I he> lepoti the petecnt.iee eom- 
position alter drying at 450 C as Sit)., 40 8 AI.O 30 2 Cat) U.f), Na/) 3 75 lcy)„003 

McO 0 04 K.;(J 005 8(7,, 0 03, loss at 950 C 3 0 loi the major components, this eotresponds 

approximately to the mole ratio lor calcium /cohie Cat) Al_(), 2Si() The pcrteiilagc by wcichi 
of oxygen ealeulated from the above eomposilion aseumine that the loss at 950 C is primarily H d) 
IS 47 5 pel eent 

Ae'cording to the manufacturer * the crystal structuie is cubic, with a„ 12 32 A (12 18 A 
according to the above authors ' ) having cavities 1 1 4 A in diameter conneelcd by pores 4 2 A to 
diameter VViih lypc 5-A molecular sieve, in which Ihe cation is pimiarilv calcium the elleeiive 
pore st/e as determined by the diameter ot molecules winch it will admit is 5 A The internal surface 

* Linde ( o , Division tvl L'nion Carbide ( orporalion, New York, N Y 

J Janak, M KRfjriand L I- Dibskv /1/i/t V Y A<ail Sci 72 (13), 731 (1959) 
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area is stated to be 7(K) to SOOm-'/g of adsorbent This area occupied by a single layer of closely 
packed oxygen ions ol i adius I 40 A"’ would contain (rom 0 24 to 0 27 g of oxygen Since I g of the 
adsoibcnt contains 0 475 g ot oxygen, this would correspond to a layer about two oxygen ions thick 
Thus it IS seen that most ol the oxygen in the structures is readily accessible lor exchange 

At the partial pressures of watcr-vnpour in our gas stream labout 5 min of mercury), this molecular 
sieve adsorbs water up to 18 20 per cent of its dry mass About 97 per cent ol this water is released 
bv legcnciatioii with dry gas at 105 C Removal ol the rest of the water icquircs temperatures up to 
too t Carbon dioxide is also strongly adsorbed and a small fraction remains alter heating above 
105 C, piobably as Nu^COt 

/ i‘\pci lint iil\ Previous woik'' has shown that oxygcn-18 in water exchanges with 

metal oxides, oxide catalysts, activated clays, silica, etc at elevated temperatures Since our use ol 
the molc'culai sieve acisorhems was limited to temperatures below 250 C it was not possible to 
predict Irom piev iolis woi k the latc or extent ol the exchange Instead ot using our flow system which 
IS moic nselul (or high exchange lalcs, the exchange reactions were earned out baichwisc in cylindrical 
glass bulbs 65 mm in diameter with volumes Irom 275 to 175 cm' 1 he bulbs were equipped with 
Kovai seals and met il diaphragm valves so that .ill pails ol the bulb could be maintained at tem- 
jscuUuics sutliciciUly high to picvcnt condensation ot waler-vapoui A small side tube which was 
i.itci scaled oil, allowed introduction ot the molecular sieve adsoibcnts m the form of pellets in 
111 di.imetci Alici cv.tcuation with a mciciiiv dilhision pumii lor 24-48 hi at 250 C, the wcieht ol 
the diy adsoibcnt t1 5 4 5 g) was dclei mined Water fO 20 ml. 11 I mmole) containing 1 50 atom 
pel eciii oxygen-18 w.is then ii.insfericd to the leaction bulb immersed in a dry-icc hath 

Two dilleic'iit meihe'ds were used to lolleiw the extent evf the oxygcn-18 exchange with time at 
sevcial tempcratuics (he Inst one involved removing ihe water liter a given length of lime and 
dcicimmmg the oxygcn-18 conleiil by ee|uilibiation with carbon dioxide Since carbon dioxide 
ee|uihbralcs lapidly at 250 C in the picseiKc <il the medccular sieves it was Unind more cemvenient 
to aeld .1 small qiMiilily (|5 SOeiiT almeisphc'ies) ol carbon dieixidc to the reaction bulb along with 
ihe w Iter This lallci pioeeduie allowed the leiiioval ol several samples evf carhivn dioxide tor mass 
spcctromcli le analysis duiing tiie couisc ol the exchange icaetion \ summary ot the exchange dan 
loj tvpieal expcrimciils is given in T.ibles I and 2 

Dt It I iiiiiitilhiti tif t III It hint nt m ttiihmi tlunith W hen samples ol cat bon vlioxidc I lom the reaction 
inivtLiie are analysed with the mass speetiomcier ime obtains the laiio R, ot the positive ion current 
loi mass 44 lo ih It lor mass 46 I he atom liaetiiui ol ivxvgen- 1 8 m ihc f (). is I i2/^, I) However 
owing to sm.ill changes with time in the diseiiminaluvn hv the msirumeni one usually eihtaiiis the 
1 ilio loi a siaiuFaal icleieiiee scim|vle cMclt lime a group ol simples is inilvsed The rclcrenee 
si iiid.iid IS usually tank eai bon dioxide oi earbim dioxide (u'in di v - lee but pre'le lablv eai bon dioxide 
equ hbi.ited with water Appaie'iitly both lank eaibon dioxide and drv-iee ire equilibrated with 
vv I lei 111 then maniil.icUire ami ihe re foie ibe atom had ion ol oxvge n- 1 8 in 6 l'>. horn ill thice souic'es 
IS veiv noailv the s.ime and slighllv eniiehed m v'XVgen-IS relative lo water 

I he cm lehmeiil / ol oxvgeil- 1 8 m the cquilibiated s impks eil e.ii bon dioxide re lain e to ill U m 
Ihe leleieilee staildaiel is given by 

u ,11 n ) 1 (2W 1) ! 1 \) K, 

' iT) I TTjTT i) i If 

"heie 11 , and ii, ale the iloni liadions ot owgeii 18 m the eijuilibi Heel ,inil ihe leleieiiee s irbv'n 
ihoxnle I espcclive Iv I rom equ it ion 1 1 ) it lollow s lli.ii 


I I’vi I iN(, Ihf \tiliiic ti( flu (. ht lint ill Utmt/ Cornell Ithaca New lorktl'hiO) 

N Mviuia I 1 1 1 ASi .ind eo-wvii kers lexicwedbvK II Co m in /fiiiii/t'ia /i ,6 j kaio/isi p 9) 
<ldiledhv(i M Si iivv ah) Spi mgei Veilog V ic on i ( 194 1) 

<1 \ MiiisandS il HiM'iN / initi i 1 1 in Sm 72, vsqv) ( lUS(i) 

I 'vV noi I I V .inel 1 R S Wiviik / ( In ni Sm I175(1')S0) 

5 M K.ai( 1 ’Xi iiiv A and A M Ri)/'i'» Dnkl ft/tnl \iiiih ISSR 75 55 2k) (1950) 

1 Oiii All, S Cl Himiin and Cl \ Mitis I Inwi ( In in Sm 75 . 4096 ( 19SV) 

'2^ i ( VMl KON A I ARKAsand I VI ill/ J /’/n V ( In in 57 229(1')5V) 

^ I WiniRanelS 1 \iiii/,y - 1/1111 (lit in Sm 76.469 (1954) 

loAiiiA A I UMMoui and S Mamsiiimx / /Vin C In in 6,1. 1987 ( 195v)) 

<■ SiMi/iRandJ R lie.iN/A f’liw Hum Snlnls 17 196(1961) 
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1 49 

77 







2 13 

1 49 

77 








( 1 64) 


7 

CO, 

MS "O 

255 

4 20 

0 62 

0 

1 (X) 








4 5 

1 61 
(1 75) 

82 

8 

to, 

MS-"'0 

26 

4 20 

9 5 

0 

1 00 








120 

1 oo 
(1 74) 

00 

9 

to, 

MS '"O 

80 

4 20 

13 0 

0 

1 00 








96 

1 04 
(I 73) 

5 5 

10 

O, - 

MS '"O 

250 

3 68 

1 3 

0 

1 00 








5 

1 02 








9 5 

0 99 
(1 72) 


11 

O, 

H0"O MS ‘"O 

250 

3 68 

2 1 

0 

1 00 








21 0 

1 03 








46 5 

1 02 
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Whin the rclercncc carbon dioxide is etjuilibrdted with a large quantity of water at 25‘'C, oxygen- 
^ (.onccnlralcs in the carbon dioxide with an enrichment (actor, a,, given by 


,1 licit 


r/( 1 "r) 

NJ{\ N,.) 


", 




I , I) 




(3a) 


ilkic \ , IS tli.i atom (laction ol oxygcn-IS 111 the water S\mc !) is very small compared to 

I iIk .itoiii Ir.istion /I, ot o\ygcii-18 in the retcicnee carbon dioxide is, with sufikient accuracy, 
inn b\ \„'i I he notnial atom liaction ol o\ygen-18 in fresh watei is 0 00204"*' and 7, for 25 C 
1 (US ' so that the atom (raetioii o/ o\ygeii-l8 in the rcleienee caibon dioxide is N,^r, 
u)(Kt2t)4Kl 018) 0(X)2I2 Since the cnriehinciit, I . in an enriched sample of carbon dioxide is 

ila,i\s deteiinined hv eompaiisoii Willi tills rclciciicc standard, substitution o( equation (3) into 
^,|iMlioH (2) gives 

/ .V„7, / (0 00212) 

"* i 0 r^^r~r)i(r6()yr2“) 

I ,'i ^ 111 leliiiKiils not too Luge, // ' / ,V, 7 , / (000212) 

I III K him >11 /ill !in \ C aleiilation ot the extent ot exchange fiom the atom (i action n ofo\vgcn-18 
1 'he Cvjiiilihr.iled caibon dioxide lequiies values (oi the c line lime iit Ijctors at the temperatures cd 
,qLiilih!,itioii 1 hese have been detci mined cxpcrintent.itly and caleuLitcd lor a number ol exchange 
iciviioiis" ol iniciest lieie ( lo V s calculated xalues for the e'liriehment laetor 7 (g) torCOj 
iquilihnitcd With waict-vapotir, are found to be .idcqiiatcly represented by 7.lg) ' 1 ((4162 

121)' / ■) t (impuled xalues ol 7 _,(g) .leeoiding to this equation and at tcmperaliires of inteiest in our 
I'Kseni expeiimeiUs aie lisled 111 fable ( to obtain the ennehmctit Lietor 7.(1) lor COj and liquid 
I iiei /j(g) IS divided by (he eiiiiehnient laelor r,, loi liquid w.iier and ils vapour 7,, is however 
Ujiiil (o (he ratio ol the vapour-piessiire' />i, ol to (he vapour-pressure, /i. of H .*'0 and was 

c •aliialed according to the reladon iog(/r,'/).) (2 74//) ()0(’)56 Values ol 7,, and 7.( I ) are 

li I' giv cii 111 1 able 1 



Tahi i 

3 1 NRK IIMI N 1 

F^< lORS \S 

A It sc IIOS ciF It XllM R V 11 Kl- 




MS Kl I'RI SI MS 

IMF MO| 1 ( LI \R Sll V{ VHSOKHI Ms 


/ 








h,1 

C'OP'OK'O. 

(''Od^OICOj ('"(),'■()] CO, 


V'O ’*01 

IC ) 



['"O/'-OI,, 


r'(i "‘OIh „ 



L 1- 

In 


b ts 

’ 1 


7„ 

7.|l,q, 


7t 

5*1 

7 , 

:s 

1 0083 

1 038 ( 7 ,) 

1 047 

1 0(0 

1 037 

1 028 

so 

1 «)6(i 

1 033 

1 040 

1 (X)9 

1 031 

1 024 

80 

1 OOM) 

1 028 

I 03 3 

1 (X18 

1 025 

1 020 

IIH) 

1 (KMO 

1 026 

1 030 

I (X)8 

1 022 

1 018 

i 'S 

1 0025 

1 022 

1 025 

I 007 

1 018 

1 01 s 

(Ml 

1 (X)20 

1 021 

1 023 

1 (K)7 

1 016 

1 014 

'’SO 

0 9*99 1 

1 016 

1 015 

1 (X)7 

I (X)8 

1 (X)9 

( nil ii/a/ion of ex/i nl 

of c M hnn'^e 1 1 

IS ilesirable 

to derive equaliiviis 

that give the 

e \(e ni ot e \- 


L iiige ol oxygen-18 among (he species in (he sevc'ral ilitleiciit icaeiioii sxsiciiis in oui expcrnncnis 
h Liahly these equalioiis should be in (erins o( (he atom (raetion. n ol oxvgeii-18 111 the caibon 
ide used as a monilor We shall consider tirsl the system Hdk) Ct). nioleculai sieve 
' ' ' iheiils The materia! balance equation lor oxygen-18 in the cqiiilibiaicd mixtuie (at 250 C) in 

' vslem IS 

uiu„ hNi, ' cn„ am, />A, " cn, (5) 

I <1 Tiioiit, Rcsvauhl, 154(104*)), forrclcrcnccstothcvarialionsinthcabundanecofovvgen- 
in water from various siiurees, se’c M Doit, fVicw Rvv 51. 2(i3 ( 1*)^2), and G Beixio Ann 
' I /’/iM Chem 6, 403 (1055) 

' ( Uriy and L J CiRiirt.y Anwr them Soc 57, 321(193*') 

< IJRiy.y Clum Six 562(1947) 

'lu.iiiisrNandM G Mavik, y them Pins 15, 261 (l‘)47) 
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Here, a is the nig ntoms ol iMhjngLdblc owgtn iii ilic adsorbcnl /»„ is the iniiial .Uoni Iraction of 
o\vgcii-18 111 the adsorbent h is the mg atoms ol osvgeii in the eniiche-d water adde'd to the’ svste’m, 
IS the’ initial atom traetiori ol ossgeii-IS in the' e iirielieel viater i is the mg atoms ol owgen in the 
earbon dioside and is eijiial lo twiee' the’ number ol millimoles ol t t>; added as a moniloi , //„ is the 
initial atom Iraetion ol owgen- 18 m the earbon ilioMde in, V and ii ate the atom liaetions ot 
o\vgen-lS in the ec|uiUbi tied owgen ot the nuileeulai sieees, the waiei and the eaibon dioside, 
respeetiscK at the tempei ilure ol ee|Uilihi niin In the ecjuatioiis that lollow, the subset ipt 0 w.ill 
leter to the initial leaetants and the subseiipt e will lelei lo the salues at ee|tiihbi iiim oi at time t 
I quation ina\ be solved lot u to give 

\ n ji„ 

(I /> ( (6) 

in III,, III III,, 


Siiiee II Is ihe value oblaiiieel lioiu the mass spei liomeliie anaivsis bv I qiiilion (4) it is eoii- 
veineiit to espiess in and \ m leims id ii anil the known enrielimenl laetois at the teinpei atm e ot 
the eejuilibiaiion (Table The eniiihment I letoi 7 loi owgeii-lS between ( (), aiiel kid) is 


liom whieli We get 


II (I /! ) 

^ (I 


(7) 


( 8 ) 


\Mien II |7 1 ) IS i. 111 I eiuation t.S) the appiosimate expression ean be used with little eiior 

Siinilailv loi the adsoibeiils, in ii j while /, is the eni lehmcnt laelor loi oxygeii-IS between 

( O. and the e xehange.ible owgen in the adsorbents Siivikmvn has estimaleel the eniieliminl 

laetoi , 7 loi di.itomte silie I m etjtiilibi mm w iih hqu.d water at IT ( as I DM) and a l 1 40 C as I 01 4 * 
I’snig the value at I? C and the usual relation lot the sanation ol / with tempeiatuie one obt.tins 
a ^ 1 2440;/- Caleiilated values ot 7 aeeoiding to this toimula at seveial te mperatiii es are 

given in Table 3 When these values aie multiplied bv the latio ot Ihe vapotti-pie'-stiie of ll."() 
the values ol x, in lahle 3 foi siliea lelativc to water vapoui are obtained Ihe emiehmenl 
laeteii 7, ot o\vgen-l8 lot eaibe'ii dioxide in equilibrium with siliet is Ihe r, 7j(g)/7,, aiiel the 
values obtained are given in P.ible 3 W'e have assumed that the cniiehnienl laetois lor silieate sueh 
as the niolcetilai siev e adsorbents .tre the same as those leu sihea Ihe initial atom li .let ion eil oxvgen- 
18 111 the moleeiilar sieve adsorbents is taken as that evpceted tor equihbi luin with the walci in whieh 
they were made so that m,, foi the unused adsoiheni is V„7,(2‘i C ) 

Substitution ot n 7_ tot \ , n loi in \,x, loi //„ anel N,,/, toi in,, in I quainni (6) gives 


(/ 


h 


<'i :x.) 

{II ;x,) .\„x. 


II - ,V, 7 I 

in '7,) - i\„x, 


(9) 


Thus, the mg atoms ol evehangcabic owgen u, is readily ealeiilated from the known atom liaelroii, 
^V,|, c)f oxygen-18 in the enriehed water, the known normal .itom haelion V„, of ovygen-IH m fresh 
water (0 00204) the known or estimated values of x,, x^, x-, x and the value ol n obtained frevm 
the mass spectrometi le determination of the emiehment, / , of oxygen-18 in the equilibrated earbon 
dioxide Sinee the total gramme atoms 6 of oxygen in the adsorbents is known, the Iraetion of the 
oxygen atoms exchanged is u/G The values listed in Table 1 were ealeiilated in this way 

If the various values of x in tquation (9) are taken as I 00, an approximate expression is obtained 
which IS sometimes used in calculatKins for the isotope dilution method ol analysis 


a 



u. 


n 

K 


c 


(10) 


Cxihanneabh' owiftn by other eijiiibhi (tuon pioitdmes A summary of the equations used to 
calculate the mg atoms ot exchangeable oxygen lor a number of other equilibration procedures is 
given in Tabic 4 Elqualion (11) for example, is used when H^'T) alone is equilibrated with the 
molecular sieve adsorbents at 250 C (Run la) Ihe atom fraction, /V,, of oxygcn-18 in thecqtiilibralcd 
water is determined as follows The water-vapour is removed from the re.ietion system at the tem- 
perature of equilibration (250 C) A measured quandty, b of the separated water is equilibrated 


* iNtifRSON considers I 014 as the value at 200 C rather than at 140 C 
S R SiLvrRMAsj, Geur/um ct Cosminhini Ar/u 2 , 26 (195 1 ) 

""fc IsioERSoN, flw// Ceo! Soc An 64,338(1953) 
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Tahii 4- EyuArioNS hOR (AicoiAiroN Of rni Mg aioms or fx- 
tllANtjFABtF OXYliFN FROM 7H» AU)M I RAf 1 ION 01 OXYl,FN-lS IN CARBON 
I XDIOXIDF OR WAFFR Al IFR I QblLI HR A I ION 


Reactants Equations* 

N„ (n /or,) n, A'„tC| 

N/i /a,) (n fr,) - A'„a, 


H,'"0 

! CO, MS 

" " Kf ^ 

n 

110) 

Hi'^O 

1 MS 

V A 

" " t; rr ^ 

/V -x, ,V,.7, 

(ID 

C’^O, 

MS 

tu, II 

" ‘ill lx,) ,V„7, 

(12) 

CO, 

MS "■() 

II, .\„x, 

“ ( , 1 . 

m„ («, /7j) 

(13) 

CO, 

H,"'0 

" -''Pi 

ill, lx J 

(14) 


* See Pquation (5) toi the definition o( symbol 

w itli <• mmole of CO,, .it 25 C and the enrichment / , in the e.irhon dioxiele is determined from mass 
spcetiometiic measurements (Equation 1) The atom (t.ietion ii ol o\\gen-18 in the carbon dioxide 
IS e.ilciilatcd trom I quation ( I) and then substitiilcd into Equation 1 1 5) Table 5 for calculation of N 
V„ 111 f quation ( 1 1) IS the know n initial atom traction o( (s\)gen-l.S in the ssater. ii is the enrichment 
lactor lor the molecular sieve adsmbciits and water vapour ( 1 (^)8 at 2^0 O, and ,V, x, (25 C) is the 
initial atom Ir.tctioii ot ox)gcn-l8 in the moicculai sieve adsorbents 

Since It was lound th.it carbon dioxide excliangcs oxvgcii atoms with the molecular sieve adsorbent 
It elevated (cmpcialurcs. C '■'O, can be used in the pl.icc o( H.'X) to determine the exch.ingcable 
owgen 1 qu.ition ( 1 2) is used in this case, where r, is the enrichment lactor for CO. and the molecular 
sieve adsorbent (1 (X)7 at 250 C), ,V„ is the known initial atom traction ot o\>gcn-18 in the carbon 
diovide and (25 C) is the initial atom traction ol o\)'gcn-l8 in the exchangeable oxv gen ol the 

molecular sieve adsorbent 

II the moicculai sieve adsoibcnt has been previously cniichcd in o\\gen-18 the mg atoms ot 
cschani;c.ible oxygen can also be determinevi by equilibration with caibon dioxide (See Run 1-b 
I able I ) f quation ( M) is used lor these calc ul.it ions whcie x^ is the enrichment t.iclor for CO, and 
the moicculai sieve adsoibcnt .u the temperature ot equilibration (1 (X)7 at 250 C) and /«„ is the 
know n initial atom 1 1 act ion ot <)xygen-IS in ttic c xch.iiii^cable oxv gen ot the molecular sieve adsorbent 
Asimilai equ.itiond quation 1 4) is used to calculate the mimlscrol mitaloms ol oxvgcn in an enriched 
s.iinplc o( w.itcr In such measurements it is desir.ible ihoueh not necessary th.it the mg .itoms ol 
owgen in the carbon dioxide be ol the same order ol mannilude as the mg atoms ol exchangeable 
ovvgen in the molecular sieve adsorbent ot in the water 

Dflt I iiiDuilion (>/ llw riroiii fiinlum of o\ie<«-l8 A number ol the cxpcimvcnls lequircd the 
ikici mination of the atom fi.iction ot oxygcii-IS in a paiticiilai species The equaiR'iis lor these 
c.ilculations arc summari/ed m Table ^ 1 quation (I*') lor example is used to c.tlcul.ile the iiiitiil 

iioin traction ol oxygcn-l8 in enriched water (Sec Run ">) A small quandiv ol c.iihon dioivdc is 
' quihbralcd with the enriched water and the alom Ir.Klion, \ , ol oxvgcn-18 is delcimincd lioni the 
n iss spccltomcHer analyses using I qua(ion (I) and 1 quation (4) •>. is the eniichniciit tador loi the 

^nipcratuic ol cquilibi.ilion but x, (I O'S) is the enrichment t.icloi for (_(T .md walci it 25 C 
'w.iusc the equilibrated is always compared with t.tnk c.iihon dmxide whose atom fiadKin ol 
'vvcdi-18 IS A'„Y| (See 1 quation ( To A simil.ii procediiie [See 1 qualion ( Ifi)) is used to determine 
'c initial atom fraction of oxygcn-18 in the exchangeable oxygen ot (he molecular sieve adsorbents 
''Vhen It IS desired to talcul.ile the atom lidcifon and eniichmeni. I ot ovvgen-18 expedvd m 
’ nhon dioxide alter equilibration with eniichcd vxatci. rqualu'n (P) and (I8t aic used I qiulions 
’) .md (18) apply il enriclied molecular sieve .idsorbcnls arc used m the pt.icc ol enriched w.itci 
values in parentheses in Tables I and 2 weie c.ilculatcd m this wav 
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II 
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S /,) (i M 

(/ '-,) (i ,A(/i 

\, ,,) ( l(>> 

('■ ' ) < 

(P) 

/III \ / A 
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1 IM 

iim„ ( \ 

It/, y ( 

(I'd 

II 

/_ >1 1 /. 1 ) 

(20) 
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CD 
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/, II 1 / , 1 ) 

C2) 

iiS ,y, A V„ / \, / 

' C3) 

a, -It h,y. ( 


Sci. L'lu.uion n) lor dcliniiion ol symbols 


11 iht atom lrj,.in.>n dl o\s_i:cn-lH at e<.|uilibiiiim is known tor any one spceics, the atom Iraeiion 
of o\ygcn-18 in one ot the’ other ^pe'eies may be ealeiilalcii from rqualK’iis (2I)> |21) oi l22) The 
ealucs of Hn and a, are lor the tcmpeialuie ol the eejuilibiation Thus when earbon elioMdo is 
used as a monitor m the eejuilihiation ol a niisluie ol C (). Ib'-O and the moleeular sie\c adsoibent, 
the atom Iraelion ol oxv'acn-lS in the adsorbent ean be ealenlated dircelly trom the atom Iraelion 
II ol o\y”en-18 in the earbon dioxide vsilhout eonsideialion ot the walei I he' \akic ot ean be 
determined expenmentallv from the mass spcetunncli ic analysis ol the earbon dioxide [f qnalions ( I ) 
and (4)1 Alternatively ii m<iy he ealeulaled smec it is lelaled to the total mg atoms ot exehangeable 
oxygen through the material balanee equation [I quation (5)], as shown m I quation (23) 

The equations summan/ed in fables 4 and 5 should be generally uselul for other similar in- 
\cstigations Some of the equations arc similar to those used by others'-" exeept that the ones 
derived here are in a form which readily takes into aeeouiU the tempeiatiirc ol equilibration and the 
usual method ol mass speetromelne analysis ! nriehmenl factors are more eonvement to use than 
equilibrium constants and are more Ircqueiilly listed in tables ot cxpci imcntally determined I'l 
theoretically calculated values 


M Cons and H C L'riv / Aimi Clwm Sue 60,679(1918) 

W H VliARsandH Soboika y 4imi Clwm Sue 61, 880(1939) 

0 Ri I 11 MU R(. and Ci L Iosifr / liml Clwm 133,737 (1940) 

H (ris[ M Kamfs. and J M Ri ini rr, aJir/r Ri-ufwni 12,273(1947) 

R III s nr, Siiileimicslil) 18(1948) 

H R \ \RNsiiiNand R UlNtLtV. Quail Rei ( Iwni Sac (london), 4, 172(1950) 
A 3' (ii'ossr S (i Hindis and A D KiKsiirsiiAi m AiuiIm Clwm 21, 386(1949) 

1 Dosim i'srv and b S Klfin, Aiiaht Clwm 24, 414(1952) 

S L Jos'iand N R Trlsnlr, Anuht C hem 28, 387 (1956) 

R N Boi SI JtiNLs and N R Tki nnfr, Clwm 28, 390(1956) 



Isotope CKchangc ol the oxygen dioms in molecular sieve adsorbents 


269 


DISC DSSION 

The resulls of cxpeiimciit 1 ( I able 1) show thaL both H/Jand CO^ exchange oxy- 
tisii-IX with the molcculiii sicwe adsorbents at 250 C The enrichment, E, for the CO 2 
piactically the same, whether the C is equilibrated witli the water or with the 
actsoibents alter completion of the reaction This result indicates that H^O and ( O.^ 
cxch.ingc with .iboiit the same fraction ol oxygen atoms m the molecular sieve adsor- 
bents 1 he mechanism of the exchange of tlie CO, with the molecular sic\e adsorbents 
Is piobably thiough small quantities of watci not removed by ordmarv cxacualion 
Accoiding to this mechanism tlic carbon dioxide exchange would be expected to 
measure essentially tlie same exchangeable oxygens as the water docs VVlicn the en- 
iiched molecular sieves were dried by evacuation at 250 C )oi longer periods of time, 
is m cxpciiments b and 7 (Table 2), the exchange witli earbon dioxide wa, somewhat 
slowei and did not rcaclr the expected value in one to two hours 

In experiment 2 (1 able I ), llic extent of cxciiange was determined as a function of 
time at 250 C The results show that a rapid exchange of about 75 per cent of the 
oxygen in the molecular sieve is completed in about one hour, followed by a further 
slow exshange to about 82 pci cent in 24 hi This is similar to the results of VIii 1 s and 
Hin'oin"’\ and Oiii M) c-t al on silica alumina catalysts The mechanism assumed to 
explain their icsulls nnolved a rapid exchange of surface oxygen through icvcrsible 
hxdrolysis ol metal oxygen bonds Tor oxygen below the surface, a slowei exchange 
process occiiis as a result ot dillusion ol water molecules through the network of 
channels Alllioiigh the passages m tlicsilica aiuminacalalystsare just large enough to 
admit oxygen ions, they postulated that lattice vibrations at the highci temperatures 
(4s() ( ) might be sciflicicnt to allow passage of watci molecules or hydroxyl ions 
Such an exchange process could occur with only momcntaiy distortion ol ihc lattice 
,ind icsiilt m a cham-likc cTfcct being transmitted fiom one silicon oxvgcn ictiabedron 
to the next Since the molecular sieve adsorbents have a more open structure and a 
gicaier fiactioii ol surface oxygens available to water in the cavities, the rate and extent 
of exchange should, as observed, be somewhat greater than for the silica-alumma 
catalysts The results for the molecular sieve adsorbents suggest thatpiobably asome- 
\s!i,it similar exchange mechanism is involved 

At lower tempepiturcs (150 and 135 C), the exchange icaelion was much slowei 
and only 38 pci cent of the oxygen atoms exchanged in 145 hr The activation eiicrgv 
esliinalcd from tlie results between 250 and 150 C is about 24 kcal/molc That tlie 
late of exchange between watei and the caibon dioxide used as a monitor was not 
liiniling, was demonstrated by the following scpaiate expeiiments When CO_. was 
vquilibrated at 25 C with 0 3 ml of 1 5'\, M.'X) in a 20 ml icaetion vessel the time for 
‘>ne-h.ilf equilibration was about 2 In In the presence ol 50 mg of the molecular sieve 
.uKorbciit, the time for one half cquilibiium under iitherwisc sirnilir conditions was 
Id mm riuis, the nmleculai sieve adsorbents serve as an elTcctive catalyst foi the 
'^veen-lK exchanges between carbon tlioxidc and water At higlicr tenvpeiaturc^ the 
' liange should be considerably moie lapid and consequently the carbon dioxide 
ss as a conlinuous monitoi vd tlie o\Ygcn-I8 exchange between the vvalci and the 
I' i-iilar sieve .idsorbents 

' xpei imcnls 8 and 9 ( 1 able 2) indicate very hllle exchange at 2h and 80 C between 
' 'V’li dioxulc and the drv molecular sieve adssii bents enriched in oxygen-18 I Inis, 
die molecular sieves at 250 C undci high vacuum leave-, very little walei as 
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exchangeable H_,() molecules The molcculai sieve avisorhenls weic enriched by 
equilibration with at 250 C and .ipparentlv the small quantity of water left a\ 

higher leinpeiatiirc'. aioes liomthe OH gioiips li'rmed when water reacts at 250"C 
with the adsoi benis 

Our expeiimcnts have di.'nonstiaiLd ih'l o\\gen-IS exchange occurs readilv be- 
tween watci and the niolccul ii sieve ads.nhciUs al the lernpetatiires iiscvi m theirre- 
gcneiation Iniudei to use iIkiiiIoi lemov ilotw iici vaptuu m the exit cases fiom the 
icliux svsieni of (HU isolop- scpiiiiion ci'hiiuns the quaniitv neeiled slioiild be not 
so huge as to maikc’cliv iikic isc tlu mohs ol exchangeable I'xvgen Ihe rel.itnelv 
/uir/i eapacitv loi tdsoiplion o! wati.i made if pi ssih/e to lethice the quaniitv of adsoi- 
bcnl to jbout /5 g 7/ie o\\gcn-/^ eonfained m f/iem al the liiJ ol t/ie lun could he 
lecoveiec/ in port b\ c\cbdniic with c iihoii liioxu/e in with wnlci 

’Mthouwh nitio^cn uas uas usce/ loi hae/e-lhis/imc the inoktol.ii sicie adsoi bents 
duj’np then repcncintion it v\as iinpinLint to Aiunv whelliei oi not a gas ei'nlaining 
oxvgen could afso be used f vchaniie belncen owgen cas am/ the ino/ceufai sieve 
ai/soibeiits uou/e/ di/ute t/ie oxvgen- /.s fxpeninents /Oaiu/ II ( fnhlc 2) on dry nnd 
Wet moiccuhir sic\c eohoihcnt', indicntc negligible exc Ixingc nilli o\\ >icn iidc nt 250 C, 
the lempeiatuic ot legcnciaiion ('onsec|Uenllv it was not ncecssai v tiv Use oxvgen he'd 
gas (oi (he icgeiieiation 
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lON-tXCHANGE PROPERTIES OF ZIRCONYL 
PHOSPHATES -III 

INI I ri NCI Ol TLMPLRAIURL ON TRACLR ION EQUILIBRIA 

L Bam SI I 

VS.isli. dispos.ii Rc^c.iri-li 1 abor.ilorics C I N Bi.Lhini. Ucli;ian Nuclear 
llcst.itch C cnlcr. Mol Uclgjuin 

(A’ltfUd/ 1 friiii l'J()2, III n'i /u tl /m 111 ^0 lii/\ IS)62) 

\l)sli ul Ilu inlUii-iKc ol tciiipcraluic on ihc ion cvclianm. reacUons of /irconsl phosphate in the 
M loniiuiihRh Cs Ca Si C l and 1 u has been sliiilicil It appears that Rb and C s arc \crv slri'niilv 
ulsoihcsl at loom tcnipcraluic hut easily elutid at HO UK) C I he oilier niielidcs iiiseslicatesi do not 
shois sueh pi Opel I les 

I he ihei inoeh iiaiiiie ejiMntilies A(, \H and -AS ol the leaelions aic dcrised and Ihiow some liL’ht 
on ihe e\eh.iiij;e mcehanisni ol the ditlerenl ions studied, pailieiilaily ol ihe alkali melal ions 


\ SI Kiis ol slinlics" has le’ei to a bcltci uiidcistaneiinn of the structiiri; and ion e\- 
eliange' pi ope'i tics of some /iieonyl phosphates (ZrP) A semi-cr)stal!inc compound 
\sith a P/Zi 1 alls' of 5/1 was found, having a total exchange capacity of 4 5 rneq g and 
a pK ol about 3 7 'I he suggested structure is based on the turner lorm of the 7ircon\l 
sails in 5N MCI solution, which reacts with the environmental phosphate ions 


OH 

1 

OP(OH)2 

1 

optOHi: o 

1 ll 
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Zi 0 - 

1 

1 

Zr () 

1 

1 ll 

Zr OP 

1 1 
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1 

0P(011)2 

1 

OP(OH)2 

1 1 

OH OH 


1 

1 11 


Above pU 7 the product loses its stability and phosphate tons cnlcr the solution 
leaving an acid soluble Zr oxyde However, many other compounds with variable 
pi Opel tics can be obtained by precipitating /iiconyl s.ilts and phosphates m dilute acid 
and neutral conditions**’ but the structure ol the obtained slurries o' obscure The 
mam intcicsl of thc'use of ZrP lies m the (iekl of nuclear chemistry and ton exchange 
processes at high tempeiatiiie due to its high alhnity for Cs and Rb t'li the one hand 
and Us iiiadiation and thcimal stability on the other hand ’’ 

Ihe alhnity ol Cs‘ and Rb foi the functional groups of ZrP is so high that thev 
v.in be eluted with 5 N HNO, only with dilhculty, an acid conccntiation which is 
inconveniently strong 

I he present report ctmeeins the influence of Icmpcratuie on the ecjuilibria Cs H 
Ph H, Sr H. Ca H, Lii II, and Ce H with lespcct to ZrP in UNO, solution 
•Sevcial studies of the temperature dependence of ion exchange reactions on 

l tf-Misii .iiid J PiisMAikiRs J Ino!’^ \iul (hem 21, 124 lV2tl'>bl> 

I H/vnsii and 1) Hios / Inoii; \iu/ C /win 21, Ol I40tl'R'l> 

R ! ( iiioiiv and J R Cirovir, Report \l RI /R/ '157 (OM1) 

R A Krais H () Pun ii’S T A C arhon and I S loiissos, 1 /u- /'im i tiliin^e i>/ ilu Snoiu! 
/"U I luiiinniil ( I'lifi'i cnii nil /^ciin'fiil (.'hsu/ iUfiiin limp] (mmif I'Uti A ol 2S p ' L mted 
N'.ilioiis ( 19S8) 

^ R Ami’miiii, 7/h Pimcidinps of the Suomi InUimiiioiniJ (oii/mmi on Ptimfiil t \ of 
doniK I iwip\, Ciciwui 1958, Vol 28 p 12 I'liitcd Nations 1 19581 
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sMitlietit iHgann. n^siiis h.nc Hlcii made by scveial aiilhois The flist study on 

this suh|Cst 111 lelaiion with Zif^ has been piiblislicd lucently and deals with tlic 
cquilibiia 1 i H Na -H and K- H 

l \ Ht RIMLNFXL 

T fK /r n pi;.p,irci.l b\ ills nw ilmd d(.ssiihn.i in'” kads lo a piosliist vi ilh w til kiiiiwii tharatlti islits 
\ tt'i lam a mini lit (0 2s >;) ot /i I' jn iht hvdrogt n Inini v\as addtd U) SO nil of UNO, sol mum ton- 
lainin^ bttwtcn 0(K)l and 0 s N UNO, and tiacti t|iiantitits of ' ”C s " Rb, ""Sr ''Ca ' '1 ii and 
"’Ct 1 lit I adionutlidts w 1 1 1 all t n I It! litt tsttpl ' Ca viliitli was attonipanicd wilh 12 ppm ot 
inkioc Ca pti 4 10' disiiiltei anoiis pti niinuit 

\lt(.i 2( 4.S hr siiiimg m a ditiinosi iiit b.ith iht soluOon was hlleitd imiiitdiattly (in oidtr to 
pitM.nl a l th nipt) and was toiinltd ilu iw irils in a ( i M oi st ml illalion tounl ti ] he ct|iiilihi la 
wtit inttslipUtd .It Ui, M) SO aiitl 70 C wilh a dcsi itioii ol I t' at most Utlow SO C 4H hr toiilatt 
was ncttssaiv lo it ith lull tt|iiilibrium abo\t SO ( a toiitatt time ol 24 hi was siillititiit 

tiom the dillticnte htlwttn iht mitial-(( , ) and tht tundibiinin atlisitv (C.) it is possible lo 
t ikiilatt iht disli ibiitioii toellititiit 



R f SI. ( IS 

(j) Moiioi ah III tuhei iqiiilihria Tlie ion exthange iclalionship between Cs and 
Rh with respoet to 7rP in the H loim was inxestigaled in the HNO, cooeentralion 
0 01 to 0 5 M between 5 and 70 C The asulis are piesented m bigs 1 and 2 

(b) Ui-nioiioiaU’fit naa'i cquilthna The behavioui of Ca- and Sr- was studied 
at \ery low concentiations wheie a lineai lelationship exists between log A',, and 
log (HNOj) I e between 0 00s and 0 02 M UNO, The icsiilts ot the equilibria arc 
g]\cn in the i'igs 3 and 4 

(c) 1 ! i-Dionot alt'll etjuilihiui The fixation of hu’ and Ce*' in 0 01 to 0 ) M 
HNO, at the same tempeniturcs is shown in Figs 5 and 6 

TH rORf TIC A L ( C) NSI D F R A TIO NS 

Although the influence of the temperature on ion exchange leactions with syn- 
thetic organic resins is rclaticely small '"only low Icmpei at u res can be used because of 
the lack of thermostability of the resins With mineral exchangers such thci mal damage 
does not exist, but hydrolvsis effects may affect the adsorption cbaracteiisties at very 
high temperatures 

The thermodynamic relationships which form the basis of ion exchange reactions 
at different temperatures have been reviewed recently by Kraus"" who uses the data ot 
LiFT/kf'"’ for calculating the activity toelFitients m the aqueous phase at elevated 
temperatures The mathematical relation between the selectivity coeflicient, tiie mass 
action constant, the concentrations (m meq) and activities of the ions in the tracer 
exchange reaction 

/iT' - r/R,,B ali' hR,^/\ (I) 

N T CoirMAN, SiiilSd 74, 115 (1952) 

b H C RtacKSHANK and R Miaris, Iia/n faiaJav Sot S3, 1289(1957), 54, 174(1958) 

K A Kraus, R J Rariuon and D L Hokomb, 7 CJiioinatoi^'ni/iln 3, 178 189 (1960) 

K A Kraus and R J Rarioon, J l’h\s (hem 63, 1901 (1959) 

I- M Larsfm and D R Vissirs J Pins Cheni 64, 1732 (I960) 

""VI H Lnr/Ki, Tables of the activity coefficient of a I I electrolyte and its derivatives calculated 
using a modified Debye Huvkcl equation, ORNL 262S (Dec 1958) 
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where A"' is the (racer component and B'" (ho macrocomponent with valences o and /j 
respectively, is given by the rulalion 

K' k"'VU^] {k,,),' ' j^'j' '' l'(aq) (2) 

in this formula the following symbols aie used 
k' selectivity cocllicicnt, 

K'" mass action constant, 

distribution cocllicicnt of the tiacci c(>mponcnt A, 
tf,. the molai conccntiation ol the maciocomponcnt B 
{) the total exchange capacity ( 4 5 mcq/g), 

l'(ac)) the latio ot the activity codhcicnt in the acjucous phase 



Fig 1 — Influence of lemperaUire on ihc fixation ol C s on /nconvl phosphate 
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have already been put forward by some authors in order to provide a mathematical 
description of the tempeiature influence on the selectivity coeflicients 



In adtiitioii to the vlassieal ei|iiatioii 

C, 

loiZ A C , — 


(41 


no eiKiHiiitei s the thiec paianietei e\pies''ion 


lot: A ' < , 


C . 


I 


C\ lot: / 


(5) 


I'Ciy is'ecntly a moi e claboi ate toiiiiula has been sugeosicd b> Krms'"' 

loy A ' log A|, /log / / 1 , |'(l /,, ;1 tO) 

1 IK- I qiiatioiis (S) and ((i) are thctmodynamieallv ecjuisalcnt but in Fqiiation ((') a 
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rctcreiKC LOiisUini (jl Kii’pcialiiic I,,) i*! nuii'dutcd 1 ht latter fact has the 
disads JiUiipc that at t It-niptiaiuje 7 ,, ilie \aluo I'l Ts,, iniist he known \ci\ 

•Kcuratcls , wiiisli is not ahs possihla v \p^ i niRiiialU 



tl<, 4 Inllucnec ol Icmptraluic ('u iIk lis.ititni ol Sr on /iRons I pliospliati, 

i III RMODYNAMIC ht^l' i I I BR I L M DA I A 
The sclccluily cocdieiciits as a fuiKtion of tcnipciaturc wcie caleulatcd lioin the 
lesuits ot espcnmeiitstaijicd out \Mth Rb Cs Ca ’,Sr“,hii‘ and ( e* ‘ at dillerent 
icmperatuies The b.,st littinp ciu\cs ha\c been computed on the “Meicury” digital 
computer 7 he kmiIIs are given m Table I and plotted in f ig 7 

The paiamctcrs of the best fitting etpiations are gi\cn in Fable 2 together with the 
derived thei mods namic data AO, \H and AS' " 

I)IS( USSION 

The choice of the best fitting equations has been made by computing the mean 
standard deviation and by calculating the dispersion factors on the parameters C,, C, 
and/or C , 

As can be deduced from the expeiimcntal results in Table 1, the three parameter 

* The author is very indebted lo Dr Sc hotsmans of the Applied Mathematics section lor aid in 
the computations and programming of the cspcrimcntal data 

G f Bovu, J ScHUHFRi and A W Aoamson, J ‘tin ( hcni Soc 69,2829 (1947) 

"“II S HARNtoandB B OvvrN, fhe physical f hemislry of electrolytic solutions, Rtinhold 

Publication Co, Second F-dit 1958 pp 644 
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lon-cxch.ingc properties of /irconyl phosphates - 111 

equation dcsciibes quite well the variation of k’ with temperature for the systems. 
Kb H' and Cs‘ 11' For all other systems a linear relationship is found between 
loe A ' and 1/ / whieh indicates, within the limits o( measurement errors, the constancy 
I'l the enthalpy A// and of the entropy AS over the whole langc of temperatures 
sUidied 



tfCf tt! tlfl *ff A' ft 

r u. 5 - InflueiKc ol Icinpcrdturc on the tis.nion o( Ce on /luoinl phospliale 

Moreover the variation of A' which is sciy important lor Rb and Cs is small for 
he tiivalcnt ions Eu" and CV' and negligible tor the alkaline earth metals Ca- and 
“^i" It IS worth noting that the tcmpeiaturc eoclficicnt for the rare eaiths exchanges 
1 o| the opposite Sign to that for the alkali metals and alkaline earths 

1 he enthalpies and entropies of thecxchange leactions of the ti i- and boalent ions 
I /i P arc of the same order of magnitude as those found foi sulphonatcd polystx rene 
'ns with a high degree of cross linking •' " '■*’ 


> 1) ItoNNiRcta/, / Pins du-m 61, 1614 ( 1 957> 6F I417aiul 1421 (1>)‘;9) 65, ISWilDMt 
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For Rb and Cs tlie pii^unc is (.ompiciclv ditk-icnt , liic evccss ficc energy which 
IS the drivinc loicc I'l ihc icasiion is \iis higli coiiipucd to tliat loi the analogous 
icactions of sulphonatc issins''*' (AO, ,, i 21 A(/|j |, 0 99 at 2^ C) 

On the other hand it imi^i tx enphasned ihal the scleetiMts o( /i F seems to be limited 


, ■ 1 
<9 



F Ki fi — Influenee of tcmperaluie on the fixalion of 1 u sin /irconyl pliosphale 

to both heavy alkaline metals in aeid medium Indeed the sign of AG \aiies from 4 
for Li, Na and K to for NH,, Rb and Cs as can be seen in the sequenee of affinity of 
the alkali metals given in fable 3 where the data of Laksin""’ arc presented togcthci 
with the present results 

It appears therefore that the affinity series of the alkali metals differs strongly 
from the sequence found for puie weakly acidic exchange functions where H has the 
highest affinity The exchange properties of ZrP lie between these of the weak and 
strong acid functional groups which confirms the earlier hypothesis of the secondary 
phosphate functions with a pK of 3 7 
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l' ■’ . X _ 

I'u. 7 - InfluciKC o( tsuipciatuK. oil loikI nils 

1 he athnity senes may be uritten as follows 

Li Na K H NH, Rb C\ 

1 he relation between the relative cntiopics of the aLjueous ions" " and tlie entiopv 
"I evchangc put foi waid by Laksi n'"” exists also tbi Rb andCs \nothei inleiesting 
'slalionship can be found between the cxchanrte entiopies and the ion size ol the noii- 
bdi.ued alkali-ions us plotted in hig 8 "[ his can be inteipieted as an exehange of the 
■'naleiUly bound H' foi a non hydrated alkah-ion IKing the known Indiaied-ion 
''C, no coi relation whatsoever was found The behavioui of ZiP with respect to 
' c ion exchange of alkali metals as nondiydiatcd ions'"’’ cm be asciibed to the 

'V M lAilMnt 0\uhition potcntni]s Picnlict Hall. New XoikN'i (1'‘>’'2) 

' Von fti i HI KK n , /om'/iniowiot/iei Ihiiu/ I p Iti4 \ criae Ciicmic W ciiihcim ( I V59| 
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s(.mn.rv^tallinc strut tuio of the maleiial A siinilai adsorption sequence based on the 
non Indiatctl ionic radii is also found in the ease of svnthclic /oolites *'*’ 

rheplivsit il pieiuiet'ftlicexehanitecan be thouglU ol as follows, the hydrated ions 
in the inteisliiial lu.|uid react with the cosalently bound hydrogen ion Tlie reaction 
iDinitv is ln^eJ^cl\ piopr'itional to the ilegiee ol Indration, during the exchange tire 



Tk, S fsthango entropy at a lunction ot ion si/e 


polarized hydration slicll is displaced but at the same time the liberated hydrogen ions 
become hydrated Tlie exchange entropy is consequently made up of two lactors 
the entropy decrease due to the stronger hxat ion of the exchanging ions and the cntiopy 
difference between the hydrated exchanging and the hydrated exchanged ions The 
overall difference in entropy is also less for the very large hydrated ions Li and Na' 
than for K . Rb and Cs which arc almost free of water of hydration 

The enthalpies of the reactions studied arc again mucli higher than those found for 
sulphonated polystyrene resins This suggests a much stronger chemical bond 
between the alkali metals and the phosphate groups than in the case of sulphonatc 
groups 

The exchange mechanism of ions on ZrP, described above, is similar to the one 
observed for synthetic zeolites, although not identical On the one hand the constancy 
of the selectivity constant over a relatively wide range of concentrations in the external 

R M Barker, Proc Po\ Soc 236 A,' 227 (1956) 

R M Barrlr, Proc Roy Soc 238 A, 299 ( 1958) 
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solutions and the fixation on the runctional group as non-hydrated ions are two factors 
which suggest a “synthetic /-eolitc” mechanism, on the other hand the “ion sieve" 
piopcities of the zeolites have not been found for the alkali metals on ZrP An investi- 
gation of the adsoiption sequence of cations of very large size, such as tetrainethyl and 
tetraethyl ammonium, might indicate if “ion sieve” action can be found * 

IAHLI 1 - Sllniivnv fOlIlKIIMSOI S<IMI IIIA< IR-ION IX( HANOI 




HI A( 

IIONS ON Zll* AS A 

msc 1 ION i)j 

1 1 MfM KA I 1 
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Rb-H 



Cs-H 



Ca-H 


A j .|i 

A (4) 

A'(5) 

^ l-vp 

A (4) 

A '(5) 

A T ,,, 
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A (4) 
xltX) 

A (5) 
xlCO 
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215 0 

I96 0 

212 0 




286 

66 0 

70 6 

61 2 

156 0 

1 13 4 

1 50 6 

- 
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120 0 

1122 

1162 


-- 

- 

29 1 

50 0 

49 4 

50 2 

89 0 

97 4 
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1 ((9 
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27 5 

30 4 
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0 13; 
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5 57 
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0 104 
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0 141 
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5 0 

5 01 

- 






501 










121 

411 

4 01 

4 21 

0 112 
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0 113 

0 1S4 

0 157 
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0 121 

0 126 

0 121 

0 162 

0 162 
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141 

1 54 

S S8 

1 57 

0 1 19 

0 111 

0 1 17 

0 168 

0 16'' 

0 168 
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Summaiizing, one might say that only two ions have leallv a stiong afiinitv for 
/i I’ This mtcicsting but particul.ii selectivity may be attributed to the specific inter- 
.iciions between the undissociated phosphate group ,ind the heavy almost unhvdr.ited 
ilkalme metal ions Rband Cs T he selectivity constants of tlie bivalent ions are verv 
111 an acid medium but are quite higli m a ncutial medium (pH 7)'-’ 
flic selectivity change is probably due to the hydiolysis ol the .ilkalme earth ions 
I iiciitial solution (Si- ■' H_,0 SiOM H ) The trivalent ions show a liighei 
'ii'iitv foi ZrP than the bivalent ions 

I maily, the strong tcmpcratuic dependence of the cquilibiiuin Cs H must be 
' ssed because of its great importance in tlic claboiation of an economical svstem 
die separation of ’^'Cs from Fission Product Solutions 

III fnod/ this paiLicular point was treated in a nole by t B Amphiiii and t A 
""-'VI I), Pox (lu/ii Six 276 ( 1962 ) 
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PRACTICAL APPIICAIIONS IN IHI RADIOCHIMICAL FJFLD 
Many applications ha\c alread\ been suggested foi Zi P by several authors**®*®) 
the mam one beiiisi tlie sep.inlion ol (. s liorn mi\ed tission products solutions and 
escntiiallv ion exchange at elexated lempeiatines m watei -cooled nuclear reactors 
Other possible applications aie in the holds ol analstical'"''' and preparative cheniis'tr\ 
e g the deletinination ot the C s i.oiitent m natural ualsis the separation of rare earths 
and trans-plutoniuni elements and liiialK the puiilkatioii id C s and Rb salts which 
ate ol incre.isine import iikc in neu tcchnidogical appliLalioiis 
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I I 

Na 

K 

NH. 

Rb 

Cs 

M, 

(kcal,equiv ) 

2 0* 

1 10* 

0 56* ( 

I 92) ( 

2 to 

2 86 

AH 

(kcal/cquiv ) 

0(K)* 

2 70* 

5 70* 


9 74 

10% 

AS 

(call C /cc|uiv ) 

6 07 * 

1 T 0* 

21 0* ( 

24)f 

25 2 

28 t 

Ion Si/c ( A I 

0 60 

0 95 

( tt 

1 42 

1 48 

I 69 

Aqueous (20 C ) 
Lntropv 

t 4 
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24 5 


29 7 

tl 8 


* Data ol Lsksi n 
' C alsulatcd values 


I wish lo lliank tirst my collaborators Mr Huvs and Mr PetiiRS lor their 
accurate work in Ihc laboraloi V 1 am very much indebted lo Dr M Li'nosi Dr P Di Ji iNiaiL and 
Dr P St HoSKiN lor then constructive cniicisms during the preparation ot the manuscript 

C B AviPtitlli. I A VlcDossio, IM J Riomsn J /ruit;; Via/ Chtm 6,220 (1958) 

C B AviPiiLirr, [ A M< Donalo, f S Bcri.iss, J C Mavssro, / /miig ,Siirf Clieni 10, 69 
(1959) 
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aqueous systems at high TEMPERATURE— VlII 

rH[ SOI DBILITY OF UO, HYDRATFS IN HN0,-H,0 SOLUTIONS, 

25 550 C, 10 1 6 MOLAL NITRATE*” > 

WiiiiAM L Marsiiaii .ind Rl in Sllshir 

Kciiciiir C hLml^llv I>i\ision, O.ik Ritlgc N.ilional Laboratory, Oak Ridge, Tennes'vce 

iKtitiinll^Jiilx 1%2) 

\bstracl 1 he soUibililv ol IJO, hydrates in HNO, HA) solutions in the presence of the sapour n' as 
delcimined at ternper.ituies (loni 25 to )50 C and at conccntralions of total nitrate sarying from 10 ' 
to () niol.il The s.iliiration inolal ratios /iii , 1 ^ sscre lound to decrease from 2 (S to 0 52, 

horn I 60 to 0 72 .Old from I 20 to I 04 m 0 001 5 0 15 and 5 0 inolal NLO, solutions respectively as 
ihe temperature was inercased fiom 25 to 550 In application, the solubilities may be used to dehne 
hydrolysis equilibria and to specify phase stable, aqueous homogeneous-reactor fuels Some acidities 
at 25 ol unsatiirated solutions ol U<)4N(),)_, HNO, and 1L() arc included 

Kraus and others*-' determined the solubility of UO, hydrates in HNOj H,0 at 25' 
and thus extended the data of Coi am*-*' for the solubility of UO_,(NOj)^ hydrates in 
the system UOj HNO,-HjO The solubility sT UOjfNO,)^ m H^O has been deter- 
mined at temperatures up to 184’ *•*' Later, some qualitatisc information was obtained 
on the hydrolytic and theimal stability of UO_,(NOd.. H_,0 and UO^(NOj)j-HNO)- 
HjO solutions at somewhat higher temperatures **" From this latter work it was shown 
that stoicheiometnc UOj(NO)), solutions at temperatures between 250 and 400' 
precipitated hydrated UO) The precipitation could base arisen either from the loss of 
nitrate to the vapour phase or from the phase instability of the stoicheiometnc 
solutions, or from both clfccls 

In this present investigation the solubility of UO, hydrates in UNO, H>0 solutions 
from 10 ■* to 6 molal in total mtiatc was determined at 25 and from 135 to 350 using 
a direct sampling method 7'his method eliminated an assumption for loss of nitrate 
to the v<ipour phase The hydrates proposed to be stable at tlie several temperatures 
are specified 

rXPLRIMLNTAL PROCLDURL 

SuiiCmg malc-rials were DOtHA) reagent erdvic UNO, and divullcd water The L O, H.t) 
ohuiincd Irnm Mdllmckrixlt Chemical Co , was chemically pure wnh respect to oibcr metallic oxides 
bin contained approximalcly 2 mole pci cent HNO, In order lo remove this acid and lo remove .in\ 
olher anionic impuruy which may have been piescnl, the solid was powdered and then placcvf in a 
round bollom flask lo which was connecled a reflux condcnsei Water was added lo the flask and was 
icIUiscd 111 contact with the solid for a 16 hr period Lresh water was substiiuled and the relluxing 

* 1 Ins paper is based on woi k performed at Oak Ridge Nalional I ahoralory which is operated by 
I nion Carbide Corporation for The Atomic I nergv Commission 

' Previous paper in senes 'Liquid liquid Immiscibilily and Criiical Phenomena in ihc Systems 
"(), SO, H,0, UO, SO, OjO.andCuO SO, 0,0 270 4t0 C ’W L Mxrshau I \ Jom s 
U M MiKiiiKiandL J Smimi J hioi" Xml Chfin 24, 495 1 11)62) 
f A Krai's Manhattan Distnct Pro|ect Report A-560 Brown L'niversity (1942) 

5 CoiANi, Bit/I Soc Chem (4) 39, 1245(1926) 

'X I Marsuali j S Gill and C H Snov f 4nn’i Cluni Soc 73, 1867 (1951) 

II L M( OiiiFit, r//w//w'/R(Y«M/v,(l dilcdby I A I ani II O MaiPhirsosi and F Mam a-s) 

' bap 5, p 94, Study by W L Marshaii,J S CiULandC H Si i ov Addison-Weslcv Reading 
lass (1958) 
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. j!u 5 H M i 'kMm 


, , - , MiiuNf /nipij/ii/n 

^ " ' ’ ' ,, ^c's/vW/wA the y^.^lcr.^M,^hcd I , 

'. '' c'/u/ uit/. /« (> 'Wi/fawis U’^d m tlK-i\fKrii}taus 

‘. .,u .sIj .’cnc; W/v...<J»rc-s /.., itu . nmuU. M u mpcr.nu,,-. iitau- ICO 
' ,'rc t ii ’.js/i ' ! he it)ic\ r e jni/dm^’ f'ri\iJiij e \t le ii'iil lot •e.inipli/ip the lii^iiij p! 

..r. j ... / /. rhu^ u) iwii/nmiini njy lJ/)nc\iss,jn U> Jlihuh/ /. 


.u / '’i </, V£ 1 /I 


^('[Kc. tnr jdons (i) nili.i(t .K ! mi'l.il 


\l lcni|xr uun.'. of I '' .ind aboxc -.iilutioii siiliil Li.|ciilibri.i appealed (o be icat/icd in /ess (ban 
Mu altlioupfi oinc iiins weic made omi 5 da\ peiiexls Citnerallv sc’lLlIU)ll-^(llld iiii\tiire'> were 
iiieked loi 24 hi at eaeh temperaluie belore the soliiiion phase^ were sampled ( or a set o( solution 
solid ni'siiiiLs simples ol the solution phases tisualK sscrc diasvn .u several (empeialuits Within 
the pieeision id the data the solubilities ue'ie loiniel to be idcntieal upon sampling at cithei pioi;ies- 
siviK hipher el loucr te'mpctalures thus the equilibria were revetsible 

Lvpeiimeiils at 25 0 _ 0 3 C were perloiined bv plaeina powdered UOi HjO stdid m HNO, 11.0 
solutions whieh sseie eonlaiiied m soliiinetiie flasks Si\ stoppeicd flasks each eonlamini; a leflon- 
ciielosed sUi I ing bai and a solid liquid mivtute Were plaecei in a constant temperature bath Magnetic 
sliiiers under the b.iih provided stiuini; \ller the solid phases ueie allowed to settle, samples ol the 
clear soliiiioiis weie removed k'r analyses allei limes ol equilihralKin varying Itonr S hr to 3 weeks 
Iciuilibrium at this teiirpeialuie vsas believed to be attained in less than 2 days 

( uamum (\l) in the solutuin phase was determined by eontrollcd-poiential eotilomeliie titialion 
after liimint: down the samples with H_SO, to lemove nitiate, and also by giavimetiie i"nition to 
L' ,(), The paitietilar method used depended upon the I O, eoiieentralion m solut'oi. and upon the 
desire to eonfiim analyses using eliflerenl pioecdures Analyses loi uranium vveie made in duplicate 
and tisualK agieed within 0 5 | percent Nitrate in solution was determined by titration ol HNO3 
alter first lemovmg uianium bv means vvl b)owe\-50 c.ttion exchanger At coneenlraiions of nitrate 
below about 0 01 molal the molal ratio dchnccl as iiti «is ,, K, . was delermined by a method 
ol successive approximation involving the measurement e't pH ol a sample belore and alter lemoval ol 
urinium f xperimentally delermined pH data used in this method are given m Table I Hpon 
plotting pH against evscss HNO, 2(/;/s,u, n/io,) aiiel using the lesullant curves, only one 


approximation was needed to give a value for excess IINOj ee'nsislent with the precision ol the pH 
data Acid base titrations lor total H NO, weie pieeise to 0 4 per cent whereas the diieel measure- 
ments ol pH Were piecise to _ I pet cent 

The analytical yalues were obtained in mol.ir units In order to convert these to molal units the 


density ot a stoiehetomctrie' liO.tNO,), solulmn containing the same concentration ol UO3 as the 
sample solution was assumed to represent appioximalelv the density evl the sample solution and was 
used to make the eonveisuln This method of estimation was consideied valid because 


( I ) the densities ot stoieheiomctrie and those ol a lew sample solutions experimentally delei mined 
showed a hrsi order dependence on UC), eoneentration, 

|2) the correction would be large only a( coneenlraiions of IJO, greatci than I molar where all 
sample solutions approached sioieheiometric UO.INflj);, 

(3) the change in 2?, with mvidcraiely large changes in concentration of N_Oj was small, and 

(4) Ki IS not changed in value upon converting Irom molar to molal units 

Solid phases weie obtained for idcmifieation not only bv cooling the pressure vessels containing 
solution and solid phases in the manner described previously ''' but also by cooling vessels containing 
eight staled Pyrex tubes which in turn conlaincd U04NO,), solutions and UOj-hydrate solids This 
latter procedure was a modification of the method used lor separating two liquid phases "" The solid 
phases were identified by comparison ol X-ray elilTraction patterns with those reported elsewhere 
From the runs using the Pyrex tubes as containers, uranyl silicate tnhydratc"" was also identified 
The X-ray dilTratlion pattern for the silicate was lound to be displaced by approximately 0 08 d 
values and agreed with the pattern found by Dawson e/ a! for the silicate preliminarily identified 
by them as ‘phase lit hydrate 


W I MARSHAit and J S Gil L / /norg V«(/ Chcni 22, 115(1961) 

J S Gill and W L Marsuail, Ren Sr/ lnslrum,?>l, 1060(1961) 

"" W L Marshali , R Sll suer and J S Gii l, T /m<rg Vm/ (him 24,889(1962) 

E V JoNisandW L Marshall, T /norg Suet Chim 2.3, 287 (1961) 

J K Daws(.>n L Wait, K AeciKKandD R CilinoN, y ( hrm Soi 3531 (1956) 
"" W L Marshak and I S Grit,/ Amer (hem Soc 79, 1300 (1957) 
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TaHII 1 ThF At 11)11 Y Al 25 C OF 
IINSAUIKAIII) SOI UllONS OF 

IjOJNO,), HNOiANdH.O 
(/<! ii'i M Moljiiiy) 


N.C„ 

(M) 

pti 

(M) 

pH 


0 

R, 0 518 

0 2500 

0 40 

0 2511 

0 70 

0 1249 

0 70 

0 1255 

1 05 

0 0625 

1 (X) 

0 0502 

1 45 

0 0tl2t 

1 to 

0 02511 

1 75 

0 01561 

1 «l 

0 (XI502 

2 45 

0 (X)78l 

1 90 

0(X)251 1 

2 71 

0 00t‘'04 

2 20 

0 (XX1S02 

5 42 

(KKliyS) 

2 50 



0(KM)l7s 

2 80 

K, 0 7' 0 

0 (XX)48X 

t 0) 

0 25 50 

1 02 

(l(KK)24tS 

t 57 

0 1265 

1 55 

0 0(K)I2I9 

5 75 

0 0506 

1 80 


- 

0 02550 

2 11) 

R, 0 596 

0 (X)506 

2 75 

0 2529 

0 50 

0(X)2550 

5 10 

0 1264 

0 92 

0 (XX)506 

5 70 

0 0506 

1 28 



0 012<)4 

1 58 

A’l 0 996 

0 00506 

2 25 

0 0502 

2 80 

0 (X)I264 

2 50 

0 02510 

5 02 

0 (XX)506 

5 20 

0 (X)502 

5 45 



0(X125!0 

5 W) 



0 IXX)s02 

4 02 


RISUI rs AND DISCUSSION 

( he csperimcntal data (or (lie solubilily of UOj hydrates in UNO, H,0 solutions 
al temperatures fiom 25 to ^50 C arc shown in Fm I plotted as /?, auainst llie moialitv 
>’l N^O- The scales on the abscissa aic displaced tor each isotherm Values of W, 

I 'biamctl from prelijiiinary curses drawn through the data were plotted against lemper- 
aliirc al several /i\ed concentrations ol Nd)- For each of these concentrations curves 
ueie drawn through (he values These cuives made R^ self-consistent with temper- 
aluie usually to bcttei than 1 percent and in many cases to 0 5 per cent although 
tlie scatter of experimental data at each temperature was consideiablv giealer The 
^moolhcd values of . derived trom these plots and given in Table 2 were used to 
ihaw the final curves shown in Fig 1 1 he data of Kraus'-* at 25 are included in the 

hgiiie foi compaiison Fie specified a transiticm occuriing near 0 55 molal N_,0-, from 
I F(), vHjO at lower concentrations to a UO, i H/) 

Since samples were taken at several tcmpciatuies during one run the solid phases 
' aid only be identified after the last temperaluic of the operation Theieiore all 
'lulion phase samples did not have coriesponding identifications of scslid phases 
' "Mc for which idcntdication of solids was made showed aL'O, FiX) as the stable 
"s at 135, 170 and 200' and UO, UUO at 300 325 and 350 Results at 235 and 
’ Were imbiguous, showing both x and /lUO, IFO m many experiments but some- 
' showing only //UO, UX) Results given in Table 3 of separate runs m Pyrex 
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TtMPLRATURC (“O 

Tk. 2 The salutation molal latio, A’l as a fiintlion oMemperaluic, system LOj 

NjO. HO 


I VIII I 2 Smoiii nil) \ At I 1 s I OR nil sot i iiii 1 1 v of I ()j iis dkv iis in HNO, H ,0 soi i i ions, 25 -350 (', 

0 0(K)5 1 0 Moi VI N.O, 


/( C) 

(molalily) 
Solid phdSL 

1 00 

1 50(1 

0 500 

0 1500 

0 0500 

0 01 500 

• 

0 00500 

0 001500 

0 000500 

2S 

kUO, tl.O 

1 200 

1 200 

1 440 

1 600 

1 750 

1 910 

2 120 

2 600 

~-1 20+ 

1 15 

aUO, tl.O 

1 176 

1 228 

1 280 

1 290 

1 280 

1 248 

1 150+ 

1 018 + 

0 952 + 

PO 

-xtJO, H O 

I 170 

1 208 

1 250 

1 256 

I 220 

1 146 

1 014 

0 948 

0 900 

20(1 

vUO, 11,0 
/lt!0, 11,0 

1 l(-2 

1 too 

1 210 

1 226 

1 PO 

1 070 

0 974 

0 910 

0 864 

215 

1 154 

1 18(v 

1 212 

1 184 

1 118 

1 004 

0 910 

0 856 

0 814 

270 

H,0 

ri12 

1 140 

1 142 

1 120 

1 064 

0 950 

0 842 

0 '64 

0 '46 

lOO 

UO, IH,0 

1 1 to 

1 086 

1 046 

0 976 

0 884 

0 776 

0 '00 

0 6'0 

0 664 

125 

UO, til ,o 

1 080 

1 040 

0 958 

0 850 

0 720 

0 582 

0 490 

0 4'’0 

0 4'0 

150 

I'O, ill ,o 

1 048 

0 S80 

0 8(i0 

0 714 

0 550 

0 414 

0 114 

0 122 

0 118 


* «l "'l o,/'''s,l\ 
f 1 stimaltd 


lubes at concentrations of NjO^ varying from 0 to I 5 molal showed the evislence of 
'IIO,, HX) as the stable phase at 25 135. 170 and 200’ /^UO,, H_,0 at 235 and 270 
nd IJOj at 300 and 325 ’ The transition at 25 specified by Krai s and deter- 
'uincd by the Scliremcmakcr's method, was not levealed In his investigation solution 
lud solid mixtures were ct]uilibrated fvsr 24 48 hi before analyses of both phases 
'■ "s the times of equilibration were comparable with those in this study The two 
fids aUO, H_,0 and //UO, HgO idenfiried at 270' showed that complete equilibrium 
r 17 hr with respect to solid phases was not yet established After the longer 
'ths of time only /OJOj H^O w-as identified in agreement with expectations At 
however, after 72 hr aUOj H^O in addition to H_,0 was still found The 
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1 \l)! I 1- luiMIlK MIDNOI SOIK) 
I'll XSI \ \l II K MH II nil! M K»\ U I I II 


H\(>, H.O SOM iioNs 1 

i I'Hf S 

IN 

r\ Ri \ 

t( c ) 

I line 

(hr) Siiliil 

ptiasis '■ 

2s 

1 t4 

\ 


ns 

72 

A 


170 

72 

\ 


2(H) 

72 

A 


2 IS 

72 \ 


B S 

270 

17 \ 


B S 

2‘’0 

4S 

B 

S 

270 

•)| 

B 

s 

SIX) 

4S 

r 

s 

S2S 

)8 

c 

s 

Runs 

il ik'ienjlcd 

tcnipcu- 


luit^ s\ ilh Miiiilidiis 0 OOOdl’i d ()0> 

0 01 ■' 0 1'' 0 ^ and 1 5 nml il in N_() 

. A -il'Oj II () U ,.l () I'l.O 
C LO.lH.O. S (I <)J SiO, ^H_() 

si'lid (I Od^SiO, iHX) listed in Tabic 3 uas foiinod by icaslion of (.JO, bydiate with 
1110 1^)10X^10%' In man) ot the experiments at concentrations of N_,0- iboxe 1 molal, 
I'O, li)diate had been consumed cumpletciv by ihis reaction 

In liquid vsatei in the presence of xapoiii. a tiansition fiom xllO, fTO to 
o’L'O, H_.0 was reported to occiii at<ibout2()5 w hile that for /lUO^ HjO(designated 
orthoi honibic II phase in Refeience 10) to IT), IH^O was found between 280 and 
320 C At 270 upon evaluation of the ovciall symmetry of the solubility curves 
/?, I s log both with lempcratuie and eonccntiation. /'TJO, would appear 

to be the stable solid m contact with solutions up to 0 05 molal N^O- and IJO, IH^O 
at highei concentrations Values of R, obtained from the smoothed data ( fable 2) 
and plotted against tempeiature at fixed concentrations of N^O-, (fig 2) show this 
transition Irom /JUO, HTO to llO, ’ff.O as sharp breaks in the solubility cuives 
Identilicalion of the solid phasesat270 ( I able 3), nevcitheless, showed only (flJO, H_,0 
as the stable solid at all concentrations of N^O-, investigated Regardless of this 
uncertainty at 270 , there still seems to be a strong dependence of the traii'ition 
tempeiature upon concentration In the presence of both solution and its 

saturated vapor the transition will occur at the temperature where the vapour piessurc 
(p) of the hydrate becomes greater than that of H^O in the solution phase fn Fig 3 the 
point A IS estimated for the transition from /JUO, HjO to IJO, fHjO in liquid Ff,0 in 
equilibrium with its vapour phase, and point 5 for the transition m 0 3 molal UO,(NO,), 
solution where the vapour-pressure IS estimated roughly to be -mole 
fraction of H_,0 in the UO_,(NO,)j solution, /;„ - vapour-pressure of H>0) At these 
points the vapour-pressure of H^O for the three phase equilibrium, /JUO, H,0 
UOj 2^20, in the condensed system equals that of the liquid phase Fig 3 

shows that the slope, d (log p)jd{\jT), for the equilibrium is near that for the 
equilibrium (H20)||,| , thus A// derived from the slope for the reaction 

IJO, FIjO <■ UO, 2 H 2 O — •2Ff20 probably is near | 9 kcal/mole 
W L Marshall, T/ia/i/ Chem 27,1921(1955) 
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0 001 <' 


0 O j'd 


/ Ai’K) 


0 OGO 


In. 1 rstiinatesl lot; vapoui pitssurc \s l/Tt K) loi the ihrce-phasc squil'bruiiii 

I 'OiiH.o in () 


In the siiidies dbovc 100' <i saturated \apotir-pliasc eonsisliiii: ol \arying amounts 
ol UNO, and nitrogen oxides m .iddition to u<iter was aluavs present ami was 
especially evident at the higher temperattires Soitilk>ns of I 0^(N0()i from 0 ^ to 2 


Taiu I 4 Sol I mi IIS Ol I'Oj III/) in H\(), 1 1_() m 

SOO (' IN nil I'KISINII AM> MISINII Ol MlDlllO 


M,0,* Added 
(ml) 

N,0, 

(ill) 


(/u'M); at 25 C 

4 0 

1 ('<M 

1 098 

1 |S4 

2 0 

1 7S(i 

1 098 

1 173 

0 

1 981 

1 102 

1 194 

4 0 

02119 

0 992 

1 024 

20 

()2S50 

0 992 

1 026 

0 

0 2854 

0 994 

1 028 

4 0 

0 0217 

0 778 

1 oos 

2 0 

0 0276 

0 178 

1 005 


* Acldeil to 25 ml ot liquid phase, dseomposcs to H.O 
Oj at high temperature 

t />!i ,n,, alter 24 hours at tOO C 

X w molalily, M molarity 

'al m concentration were observed in sealed silica capiliaiy tubes at tempciatiires 
sen 250 and 350” The vapour-phases within ihe lubes rapidly became coloured 
' increasing the temperature The colour vaiied from a light yellow at 250 to a 



2W W L !V1\rshaii and R Siushir 

dark red (almcisl opaque) at 350 At the hijihei tcmperatiii cs a slightly red coloration 
vsas obser\ed in the liquid phase and was considcied to be caused by dissolved NOj or 
N_,C), L pent cooling the solutions to looin tcnipciaturc by inserting a tube under 
watci the coloiatnm in both the \apoui and liquid phases disappcaied within a few 
seconds the time lequiied to cool — tlnis indicating rapid leveisibility of these cc]ui- 
libna II the presence of nitrogen oxides in paiticulai NO m the liquid phase allected 
the solubilities o( I (3j hydrates then an excess of Oj, added to the containei might be 
expected to lowei the concentiation of NO by the reaction. 2NO i O, > 2NOj, 
and thus gne dillcient solubilities In testing this pioposilion, the lesults given in 
Table 4 showed no detectable eficct ofoxvgcii at least foi the amounts added 

At a fixed concentration ol N>0- the solubilities of llO, hydiates deciease with 
tcmpeiatuie in the same niannei as in solutions containing SO, and IKO The large 
deciease in A’, with tempeuitiiie above 300 nuiy not only be the lesult of the transi- 
tion of/)LO, H ,0 to UOj jlIjO but also the result of the large deciease in dielecti ic 
constant of the solvent and coi responding deciease in acidity of mine acid 



J Inorfcs NucI C hem 1963 Vol 25 pp 291 u> 301 Perg imon Precis I tJ Printed in Ndrihcrn Ireland 


THE EXTRACTION OF LITHIUM CHLORIDE 
BY TRI-N-BUTYL PHOSPHATE 

ore Morris and E L Short 

Department of Chemistry, Brunei College, London W 3 

(Ri'ccued 23 May 1962, m naned form 23 July 1962) 

\bstract— The exlraetion of lithium ehloridc from aqueous solutions by tri-n-butyl phosphate (TBP) 
has been investigated Lithium chloride in the organic phase behaves as an associated electrolyte with 
a dissociation constant — 5 10 “ It has been shown that up to ca 0 96 M LiCI in the organic phase 

there is no strong IBP salt interaction but there appears to be a deltnitc tendency (or the extracted 
lithium chloride to possess a primary hydration number ol four At higher concentrations TBP 
molecules begin to substitute for 11^0 molecules in the solvation shell ol the extracted LiC 1 hut a total 
scslvation number of four seems to be maintained Physical propeitics suggest the possibility of 
aggregation in the most concentrated extracts 

Bai dvvin et a! and Hfalv and Brown'-’ have studied the extraction of lithii'm 
chloride by tn-n-butyl phosphate (TBP) The present paper contains new results for 
the system and our investigation m many ways parallels the examination of the 
system TBP HCl HP by Klrils''” 

FXPFR IMLNTAL 

Reaifnif! A concentrated solution of laboratory grade lithium chloride was purified by filtration 
and by passage through a column of the amon-cxchangc resin Deaciditc-H in the Cl -lorm Cal- 
culated amounts of the solution were taken for the preparation ot a number of slexk solutions of 
saiious concentrations These were staiidardired by Volhard s method incolsing the addition of a 
little niirohen/ene TBP was purified by the method of Au cx k <7 a/ The dried compound was 
finally distilled under reduced pressure (b p 142 at 2 3 mm pressure) Benzene used m sesnie experi- 
ments was material from BDM ‘lor molecular weight determinations 

I i/iidihnum and loliiiin’ ebanye measurt nwnls The swelling of the csrgamc phase due to transfer 
ol aqueous lithium chicsride w-as measured in 10 ml graduated (0 I ml) centrifuge tubes these had 
been thoroughly cleaned to ensure a complete separation of the phases Kise ml ol pure TBP were 
caicfully added from a 10 ml microburetic to 5 n>l of standardized lithium chloride solution The 
positictns of the liquid liquid inlerfacc and t>f the liquid-air meniscus were immediately noted In each 
c.isc the stoppered tube was then shaken mechanically for 15 inin Afler centrifuging the positions 
ol the menisci were read to within 0 025 mi The average was taken of twes determinations for each 
standard solulican of lithium chloride The ambicm lempcraluie w.is 20 I during these nicasurc- 
incnls 

Miasuniiitnl\ of the d/sti ibntio/i of Itthunn c/i/oiide Two ml aliquots ol each laser in the tubes 
from the equilibrium measurements were separated by means ol transfer pipette's I ach aliquot 
(alici dilution where necessary) was analysed lor chloiidc content by the Volhaid method All 
in.ilyscs wcicpreformcd in duplicate 1 hecstimalcd total chloride content csl both t'rganicand aqueous 
phases after equilibration always corresponded with the initial total cbloiide tes witliin 2 per cent 
Miasm ements of density A pyknomcler. calibrated dccorclmg to specitic.ition ASTM D 941 was 
Used to determine the densities of the freshly equilibrated cirgaiiic lasers at 20 0 1 The salues of 

density obtained sveic used in the calculation ot sallies of tbc sisctwiiy in ccnlipoiscs 

MeasiaimetUs of visiostls The siscosilics ol the organic phase's sscie dctcimincd b\ means of an 
' bbclliodc (suspended level) No 1 s iscomc(er (B 5> S 188) at 20 0 1 The s iscometcr was Lali- 

niatcd by use ot a 40 per cent sucrose solution The lime of floss belsseeii calibration marks was 
casuicd to within 0 1 sec with a stop-watch 

Utdsiii ements af candatttrify Resistance measurements weie carried out using a bridge nelssork, 

W 11 Baldsvin, C f HiciC.ins and B A Soii>anc) J Pins Client 63, 118(1959) 

• V HiALYandP F Brown Report, AFRt C/R 1970 ( 1956) 

3 S KiRtts, y Aiicl Chem 14, 104(1960) 

K Aiiikk.S S Grimlvy, T V HtAiv.J KiNNun and H A C McKav, Tiuns raiadas Soc 
39 (1956) 
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oscillator and amplihcr similar to those described by Dipps and Hlic.his A six decade lesistance 
box (max resistance III 1 1 1 ii) was used in senes with a single decade megohm box The capped con- 
ducloilv cell was consliucted ol Pvrex glass and hael a eapaeil)' ol ea 10 ml The sloui, gieyed- 
platinum clectiodcs were mounted titjidlv by means of small I’yrex siriils at a distance ol 2 mm apart 
No sol tent correction was iiecessao since the eondiie lance of! BP phases was due solely to extracted 
hvdialed electiolyle I be cell conslani was determined by use of a standard solution of potassium 
chloiidc as desciihcd b\ Dippx t/ol'*' All measuiemcnts were earned suit in a thermostatic walei 
bath at 20 0 02 

[iiiKt iliti'inunaiiims The ssatcr coiiiciil ol the IBP laycis ssas found by means cil the Kail 
hischcr reagent using the dead-suip endpoint method as detcimmed ssiih a rischer Tilnmetcr The 
reagent was st.indaidi/cd aitainst a known f isehei Scientilic Reagents solution ol water m methanol 
In addition the reagent ssas cheeked b) tilialion against TBP ee|uilihi aleel wilb water 

Mi’iisun minis tif ninitinv null \ Rcfiadise indices for ihe sesdium D doublet were mcasuied 
usimj an Abbe lerraetomcter All measuiemcnts weie perlormcd at 20 - I 

Mieisinnmmrs wnh 7 BP ihlntid with hciizuie Serme expeiiments wcie perlormcd with solutions 
ol TBP in hen/cne as ihe eiiuanie phase In these eases the lithium ehloiide content ol an ct|uilibi lum 
organic layer was determined using an 1 1 L llame pholomelei ihe sail being washed m'o walei btloic 
nieasuienienl 

Di'"niil<iinm n/ IBP It h.is been shossn by sarious workcis'" "" that ae)ucous solutions of 
chlorides can promeUe deeompcisition ot FHP Tes iinesli^atc the' possibility ol degiadation ol TBP 
by acjue'ous luhium thloiide poleiUKimeti le eis chiom.itographic, density and siseosily mcasuie- 
ments weie pcitoimed on oiganie phases at s.iiious tunes aitci equihbialion Potcntiometi le 
titiations weie earned out using <in bll diieel reading pH-nieler model 2T\ A scry high sensitivity 
40U-nvlon eapillarv Aigon t hromatogiapli loaded with a thin him ol dmonyl phlhalate and with a 
mie'io I oselock deiectoi ssas used tes detect and detciminc more sidaiilc deeompc’sition products 

R I S U L I S 

To permit a icaely comparison to be maele between properties of the systems 
TBP-LiCI IbOancI I I3P HCI H/) results are presentee) m a similai manner to that 
employed by Ki R 1 1 s 

Pan II ion of (he lilfiniin lIiIoihIc 

TIte molai concentrations of lithium elilonde in the initial ae]iieoiis solutions and 
in botli (he equilibrium organic and aqueous layers are listed in Table I Column (6) 
shows the calculated distribution coeflkients D. where 

D [LiCiy[LiCI] 

In column (7) are given the ealeiilatcel mass distribution eocflieients, /r, where 

total amount of LiCl in the oig.ime layer 
lotaf amount of LiCI m the aqueous layer 

The relationship between tlic two distribution ratios is given by 


where and C represent the volumes of the equilibrium organic and equilibrium 
aqueous layers, respectively The increases in volume of the organic phases arc given 
in column (5) of Table 1, and values of the ratio F„/K are listed in Tabic 2, column (3) 

'"’J F J Dippy and S R C Hlghfs, / Chem Soc 953 (1954) 

J F J Dippy, S R C ftii<>Hrs and J W Laxton, 7 Chem Soc, 1470(1954) 

'■'A j Moffat and R D TiifiMPSON, 7 Inort; Nud Chem 16, 363 (1961) 

A S KfRusand M Haipirn, 7 Irtori^ Nut/ Chem 20, 117 (1961) 

'“’A S Kfrtfs and M Halpfrn,7 Nut/ Chem 16,308 (1961) 

'""A S Kertfs and M Halpfrn, 7 Inori; Nial Chem 19, 359 (1961) 
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The concentrations of litliiiim chlondc in the equilibrium otganic and aqueous 
pliases are plotted in Tig 1 '1 he distribution isotherm indicates that the cxliaction of 

lithium chloride from water into FBP is not unitoim The bieak in the cuivc corre- 
sptinds with (hat m I ig 2 m which (he peicentage of lithium chloride extracted is 
plotted agamst the coiicentiation of the initial aqueous solutions 

t’l 


/ 

/ 



[ljCiJ.m 


Pit, ! — Concentration of tuhiuni chloride in the ctjuilibi lurn organic phase 
aeainst conccntiation in the cquihhiiiim aqueous phase 


5ue///ng of the TBP phase The \olumc increases of the organic phases m ml ate 
plotted against mmoles of lithium chloride cxliacled in Fig 3 Three breaks in the 
curve are clearly distinguishable A plot of the ratio FJ K against mmoles of LiCI 
extracted shows three breaks at corresponding positions 

Density of the TBP phase Fxperimental values ftir the densities of the organic 
phase at equilibrium are quoted in column 2 of Table 2 These results are plotted 
against the amount of lithium chloride extracted in Fig 4 The curve shows two 
breaks which correspond with breaks in the previous plots 

Vistosity of the TBP phase The viscosities in centipoiscs of the series of organic 
extracts are tabulated in column (5) of Table 2 The plot of rj against mmoles of LiCl 
extracted (Fig 5) shows one intersection corresponding to 5 I mmole of LiCl m the 
organic phase 

ConductiL tty of the TBP phase The measured specific conductances and the equiva- 
lent conductances of the equilibrium organic phases are listed in columns (6) and (7) 



tha- 





D \ C Morris and \ L Shoki 



5 to 

mmofAS LiCI ^Mfraciad 

I)cnsilv ot cquilibi Him oiiMiiic plKisc vcisus mmofc of LiCI cxliawtcd 







298 


D F C Morris and L L SiioRi 


of fable 2 Fig 6 shows a Kohlrausch plot of coiu1iilIi\ ity data The form of the 
curve IS ivpical lor solutions of an associated electrolyte 

H uii'i ioiiiciii <>! ilic IBP plhise Niimencal data foi the water content of the 
oiganic phases arc given in columns (10) and (II) of Table 1 The results arc plotted 
m fig 7 

1 HP saturated vvith watci contains one mole ol per mole of TBP and there 
appears to be toi med a definite T BP monoindrate The negative slope of the first 
pait of the curve in f ig 7 can be attributed to the lowering by lithium chloiide of the 
water activity m the aciucous phase leading to a lesultant decicase in the partition of 
(non salt hvdiate) water After 0 9 mmole of LiCl have been extracted such an 
eflect appears to be olfset by increasing cxtiaction of hydiated salt into the organic 
layer Following the proccduie of Y m i s cr a! application of Hcniy's law to water 
extraction m the legion of small lithium chloride extraction yields a con^tant value for 
3 5 (</,^ w.itei activity subsciipt o denotes organic phase) 

The slope of the seconti part of the curve in Fig 7 is 2 3, indicating that each lithium 
chloride mcdecule is accompanied by 2 3 water molecules on passing from the aqueous 
pluise into TBP Aftei 5 I mmoles of LiCI have been extraefed there is an mcieasc m 



Fig 8 — The extraction of LiCl into TBP diluted with benzene Vanaiion of the 
distiibution ratio with conccnlialion ol FBP in ihe organic phase 

the slope of the curve to 3 3, and after 6 I mmole of LiCI have entered the organic 
phase further salt is extracted without accompanying water 

Sohilions oj TBP in benzene as the oiganu phu'.e 

To gam information on the average number of molecules s' of TBP directly asso- 
ciated with extracted LiCI, results of experiments with dilute solutions of TBP m benzene 
as the organic phase were used For constant aqueous phase conditions and low 
concentrations of TBP, activity coefficients in the organic phase can be neglected and 
the limiting law 

D a. [TBP]’ 

(f) log Djh log [TBP]) s' 

should apply Using this method over the range 1-12 per cent (volume fraction) TBP 
in benzene, plots on logarithmic scales of D vs per cent TBP in benzene yielded 

D J Tuck, y C/iem 9oc 2783 (1958) 

L I KAfziNandJ C Sullivan, 7 /Vi is Colloid Chem 55,346 (1951) 

(lai p c Yates, R Laran, R E Williams and T E Mixire, 7 /tmer Chem Soc 75,2212 (1953) 
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stiiiighl lines These corresponded to values for s ofO, 0 65 and 2 for respcclne values 
of [LiCl] of 8 30, 9 87 and 13 0 M (fig 8) 

( ItcmiLal 'itabililv of fBP 

All the results rcpoitcd above were obtained within 4 hr of CL|uilibralion. except 
the conductivity results winch were determined within eight hoiiis alter equilibration 
Since It has been shown that TBP is prone to degradation in the presence of aqueous 
solutions ol various chlorides '' the chemical stability of the phosphate under the 
piesent experimental conditions was investigated 

Ovei a pericicl of up to one day after equilibration, potentiomclric titrations of 
iiigainc extracts with standard alkali in a 3 I eth.inoi water mixture showed no evi- 
dence of hydrolysis which would have led to the foimation of butyl phosphoric acids 
However, it has been shown*'^’'^* that the degradation of TBP promoted by hvdro- 
chlmic acid involves tission of the Bu O bond rather than true hydrolysis Our gas 
chromatogr.iphic studies of the vapours of organic extr.icts showed no butvl chloride 
ovci a time of 20 hr aflei equilibration in the case of organic extracts with |1 iCl],, 

0 002 or 0 15 M I he sensitivity ol the procedure was such that 5 10 * mmole of 

butyl chloride could be detected in 5 ml v>( organic phase An organic extract with 
[LiCl||, 1 36 M was found to contain 0 01 mmole of butyl chloride 4 5 hr aftei 
equilibiation and 0 025 mmole of the alkyl chloride 6 5 hr alter ecjuihhiation After 
a period of 19 hi the phase contained 0 04 mmole ol butyl chloride this coi responds 
to only 0 22 pei cent of the original TBP having been >.onvcrted into dibutyl 
phosphoi 1C acid 

Maximum v.ii lations m densities and v iscositu-s ol org.iniv phiiscs at 20 noted over 
a pciiod of one dav after equilibiation wcie as follows 


[1 iCTl„(M) 

A/) ( ", ) 

( " 

0 002 

0 01 

1 ? 

0 15 

0 03 

0 6 

1 36 

001 

2 8 


the obseivations icportcd in this section suggest that ilecomposiiion of 1 Bl' by 
lithium elilorKlcand watci docs not peitmentlv aUcvl phvsieal Lhemual nKasurLments 
<’ii oilmiiic ph.ises made within eight hours ol ci|iiilibi.ition It is mtcicstmg to note 
iliat an unslabie hydiation phenomenon similar to that icpoited bv Kikiis '" was 
''hsi,i\cd 111 the case of the [1 iCl]„ I ''6 M solution about Light ilavs alter 
Liimlibialion 

l>ISt I'SSION 

I 1 om the conductivity results an approximate mcasuic ol the degree ol dissociation 
' >>l lithium chloride in the oiganic layers has been estimated ITom the toimula"'' 
'‘1, t'O I he calculated values, presented in (able 2. column (8) show that the hlhuim 
v'noiicic exists to a laiae extent as lon-pairs The Ostwald dilution law explains the 
'' nits OVCI a considciabic range and leads tc> a dissociation coiist.int ol ca 's 10 '' 


'' S Kiiuiv, y //;«;g Siu! ( /u /n 12, t77 ( IWiO) 

A t M( Kav and a R Maiiiiison, hiin \ /uiai/ni ,Si)i 47. 428(19X1) 
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I'l II ,M, I ' ol tlu eMiaction i»l ^alts M\ ink> I lil*'-’ ihc aetn itv soctliciciit of 
M\ n! |i‘i 11/ "hill pl)a^l inav he liken is iinitv fin Lonceiilialions |MX|n up lo ca 
(i I \1 lliix'.'.ii 111 ilic piisint s\sL(ii hie I \piession ( I 7) (LiCIJi,;/-/;/- is not 
I o'ui ,1 u I'l ' ’ihv ol 1 LiC 1 |,| 1 1 oni 10 ‘ to 10 ’ \1 (iii is Uio mol ilitv o( lithium ehloi ide 
m the iLpnhbiiu n iijueoiis phase and / is liie mom il(i\iI> eOellKicnt ot I iCI in 
'I'hiMini this dsioimil hihoioni , uliieh was Inst pomleil out by 
11 . %n a ’ll Osiin I , uid [iit.'ihh he due* to the I let th it lithium ehlomle is moie 
i.impLiio thill I'thii I I sills m eitliei the ac]iteoiis 01 orp.tnii. phase""’ On tlie 
oihei hai d till msolt ixpiohihK itai meielv to ehanpes m the aelt\ ilv eoelliciei’it ot 
lit hit"i) L 'Ol ii ide 111 1 Ik 01 e.i'iiL I i\ei as a lesnll I'f the w iile \ ai lation m \s alei eon tent 
«i( the 1 Hi’ [’ll ises 

I 111 eisiiee hit aiiints ot liihiuiii ehloiido 111 tile oieaiiie ph ise below ea 0 90 M there 
seemstnh n,i turn" I HP e leetuil\te Intel aetioii as (Kellis loi esample in the e\ti le- 
lion of ml lie a eld hv I H!” " ’ " '' I he di eoni imiiOes in the plots of physieal e heinieal 
pitipeiiiis wh'eh aiis^ when s I mmole of tiihmm ehloiide Iia\e been extiaeted 
( [/ iC 1 1 1 'sO yi, \1 > eOMe '[loi'd to a 1 h( ) I iCI mole I a Oo in I lie organic layei of tour 
It appeal s iIk le line th it liiliutni e hloi ide in the org.’iiie phase has a leiideney to main- 
tain a piim lie luelmtion niimbei ol loiii I his is boine out by the fact that aftei s | 
mmole ol I iCd ha\c been evliaeled (heie is an iiieieased teiuleiiey lot water to be 
eeliaeted 1 1 lai i\ e to hi hium eldoi ide until 6 I mmole of laC I has e enleied the 01 game 
ph ise When moie than s ] mmole e'>f I iC I ate extiaeted IBP nioleetiles begin to 
substitute loi Wiitei nioleeiiles in the solsation shell (st the extiaeted alkali chloride 
llosseser a sidsation number <i| foui .ippe.iis to he maint. lined and m the almost 
satiiiated sohnuin wlien 10 (WH mmole o( LiCi hase entered the oig.mic phase the 
ratio (T BP H_,( )) I iCI is esiiuil to four I he stage at w Inch lithium ehloiide begins 
lo enter the oiganie l,i}er without accompanying watei molceiilcs eommenecs when 
the I bO.'L iC I mole lalio m ihe cepiihbi nun (icfiwons phase is lour 1 Ins suggests thiit m 
eonecnliated ae|Ueous solution lithium ehloiide tends to maintain a hsdration numiter 

of foil I 

TIreie Is additional es ideiiee loi the latlei eoiieiiision (ji i 1 1 k st 1 has obtained 
a \alue of 4 ' foi the hsdration number of I iC I by application ol his ecjualion for 
aclis'ty coeirieicnts m eoneentrated electrolyte solutions lo t.ibulated expeiimental 
data"''-"* Moie'oxei application (>f the Brinm ir, Lmxih r and 1 i li i r adsorption 
isolheim to \eiy eoneentrated acjueoiis solutions of lithium chloride inehcates that 
the clcetrolste has tour sites for the “adsoiptioii” of water molecules'"-’ Also, Irom 
a compaiison ot viscosity and .ipparenl molar xolume data SioKis^-" eoneludes that 
in eoneentrated .le^ueous solutions ol lithium chloride the number of “bound" water 
molecules >s ’ 4 

J Ciiirs-Hvs Cm , I iiiv Michigan, Mieiof iliss I94t, No lUiV), ahslr l\, b, 194*1 

1- ttisroRoanei tl A C M( Kay, / /naie ''"<1 (hem 13, ISritlthU) 

P Cin K K VI r han't laiac/av Soc 51, 1215(1955) 

R A Robissos anel R H Siokls, hans raniiUn Sac 45,612(1949) 

R H SlOKis, lian\ I unhki\ Sac 44, 295 ( 1 94X) 

S Bri NAi rR 1’ tt I WMi 1 I , anel b 4riLiR,4 Amu Chem Sue 70, 1K70 ( 194K) 

R A Roiiissos and R H S ioki s, / /c c rio/i re Scj/iiUonv (2nd Kd) Chap 3 Bullervveviths, London 

(1959) 

R H SioKis, in VV J Hamcr (f d ), The Sli ii< liii e tif f /ecliuhru Sohmons, p 298, Wiley, New 
York, Chapman Hall, London (1959) 



1 he extiaclion oflilhiiim chloiidcby Iri-ri'bulvl phf'sph.ilL 


101 


T he c\trcmcly high viscosities of TBP extracts fioni veiy strong .rcjiicni., ',oki- 
tions of lithium clilorule may be clue to the formation of aggregations (ct Ih 1 1 o and 
lii r I sucli as 

OBu OBu 

t i 

BuO P OBu BuO P CBu 

I 

o o 

HO Li O H Cl H O Li O H Cl 

H H H H 

O O 

BuO P OBu BuO P OBu 

OBu OBu 

111 ihese roimulac dots mav he ieg<irdect as iiidic<iting hydiogun boi,i,'s md dashus 
lon-dipole mtciactions d he evtiacts sfiow mixing lines on shaking winch is conipatihlc 
with the foiniation of sucli aggreg.ites C.ises of lithium salts forming solsatcs with 
dipolar aprotic solvents ami viclding extremely viscous solutions have been mpoucel 
e'ls^w heie 

/ Him It i/';< IIH Hl\ The eoileluetiv ilv ineMsiire me ills desetihed in ihe pieseiU pupe' e ele pellorme'd 
il t lulscu ( ollegc ol SeieneO and 'Ieehnolo';> (irulehil Ueknow ledge nient is node lo t>i J h J 
l)iri‘V.f)i S K C ttuoiii s Uriel Mr S VViiiii lor helpful .iel\ lec anel loi pullin ’ app.ii ilus c't iho 
elispusal ol Ihe aeiltu'rs 

Mi S 1 iioKiiouN 1, lo be thanke'el lor valuable' help >' nb die "Us eliiom iti g'l ip'i e 'oe i 'lu aieiils 

‘ I Hi 1 1 o iiiellf R Hi 1 1 o \tiiiiii I diul 440 ( Ivul ) 

I Hiiioaiieill K Hi I I o \itliiu‘ I oiul 194,0X1 (1962) 

' \ J f’ei'Ml! Qiiait fit . s 16 161 (1962) 
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NOTES 


Phthaloc>aninoruthcnium derivatives' ' ' 

{KediiLil II /illy l‘M2) 

I’ll 1 II \i (« V ^MN<)ll«lN(ll ) ,iikI ni>\iig.ini.sc( II) cKisl both js simple sum pounds aiul ,is .imine add nets 
\ts(i, bolh clcMicnls ha\e Ken repoilcd lo lorni phlli.iloeyanino deiisaiisss in whieh the sliiii il 
eleiiKnl IS 111 a lusher osid.ilioii slale ' 

Woik on Ihc phlbaliKyaninnmlliLnium sysleni has rtseakd some dilkienees btlucen its beha\ lour 
and dial of ihc non and in.ingancsc syslems Isolation aiul idtnidk.ilion ot ruthenium sc>eeies other 
than those ol iLitlienium(ll) have not been aeeomplished (Noi has a lepetilieni o( the air-HC losida- 
non ol I’el e '" been edeeted hemeie'i apparently a/i H( I ailduel of the’ ring nttroeens ed I’el e has 
been obsei veil eoi relal ing « itll leeently i epoi teel uoi k on I’e f e' ' ) I he relatnc stability ol the Ru" 
(,/') must be assoeialed with the speeial leatiiies ol the aiomalie planar i.|nadrideniaic phthaloeyan- 
ino hg ind In the amine aelduets the Rii is probably oetahediallv eooidinated l\*o amines oeeiipsing 
the liiiiis pessitions, sshde in ReKu the Ru is hkelv eooidin tied in ,i sepiaie planai lashion 

1‘eRu h( ,U,NI1, 

A I 00 g sample of RuC b (“t Si mmole) was heated with 9 (K) g ol o-e\.inoben/amide'‘' tunpurihed) 
it 270 (_ lor 2 hi Altei twiee heating the lesulting puHluet with 20 ml ol glaeul aeetie aeid at relUis 
loi s min washing vs ilh walei and diying I 67 gof powdeied hlue-bl lek I’eRu w is obtaine\i Civsial- 
li/ it ion ell this pividuel Irom 6 0 ml ot aniline vie'ldeel I 15 g ol ervstals with a Is pie a I phi haloes a nine 
ippeaianee* (ted leneelioii, blue liansinission) Reel >slalli/alion ot these Irism 5 0 ml ot aniline 

loilowed hy saeiiunt disutg gase 0 58 g (049 mmolel eit IVRu 6C ,11, NH I ounel C 69 47 H 

'21 Ru, 8 19, anihne, 47' 7 Cale "lor C I ,„N.Ru 6k , H N (. 69 67 H 4 99 Ru 8 62 

.inilme, 47 70 Aniline was eletei ininevl hs polenlioiiKlrie tilialion with MC If), in le'elie' aeid The 
soluiions ot .inihne used for titr.uion \seie prepaicil by tieatmeiil of die avlduet ssnh hot aeeioniliile 

loilowed by tilli.Uion of the lesuliing solution to leiuose the inieileiing I’eRu residue 

I’eRu 6,)-t lljC.H.MI. 

\ 1 00 g sample ol Rukl, (4 8 mmole) w is healed with 9 tX) g isf o-esanobeiv iniide (unpuiihed) 
It 2^0 k loi 2 hr Allei the lesulling pioduet was esiraeleef with gl iei,il aeelie .leid lor 24 hr wished 
wiihwalei anddiied 20()gol possdeied blue-blaek I’e Ru was obtained t nstalli/ uion v'f this 2 (XJ g 
tl 26 mmole) ol I’eKu from 6 0 ml ot n-toluidine K'llovseei by re'er\si dli/alion ol the piodiiet Iresm 
1(1 ml ol ii-ioUndinc yielded ,dler sacuuin di\ing 040 g (0 12 mmole) vd eissialline l’eRu6<i- 
fH,t,H,N)l, ) ound C 7048, H 5 71, Ru 8 52 n-ioliiidine 5o 7 C ,ile lor t ,,H .rN.Ru 6 
( Ih.N k 70 75, M, 5 62 Ru 8 05 n-toluidiiie 512",, n- roluKlme w is determined bs i melhotl 
m.ilogous lo that used with aniline’ 

I he produet Icll .liter esliaelion of the amine aehhiets with aeeioniliile w.is ,ipp iieiidv relativels 
I’M.e I’eRu Analysis ol a sample that havl been e\ti lelcd iwiee vsith .leeionnide anet eliieel it 1 10 k 
avc the follow ing le’stills 1 mind k , 62 52 H 5 58 N 17 90 t .do loi t,ll,,N,Ru C 62 64 
II 2 61, N 18 2T',, Vaeueim sublimation ol I’eRu at up to 6(X) gave low sieldsed poorls lormcei 
viysliK finder similai eondilions. Pel e gase good sublimates Inliared spcetra ol samples ol PeRu 
di It had been hcateel suggesteel that a seeond polsmoiplue moeidiealion was le’rnied <in unsiirpi ismg 

' I his ssoik was suppoited in pail by National Seienee 1 ounelation (iiant Ne' (i-|sS55 
R A HsRRiti.k I Dim and R P Iinsiimi J i him S'<i( 1719 (1956) 

( 8 Amursosj, I p Rrmihrook, A II tiHikaiielR P Lisstist' f / him Sm 1151 (1958) 

R A BAHRiir, D A pRsi and R R liNsiiAD.d Chun Sin 1157 (1958) 

• ^ ItviiK,! a net A H P lisiR, /’im C hem Soi 195 (1959) 

Rs 

^ N Sint Ros' and A N Iirimn (Tpr S/niinm II, I75(|96i) 

'' f Rsrm.R P I IN'- 1 1 All and A R I ossi J k/nni km 1017 (1954) 
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li^i'i'i^'u I I wiih miKt ti ivd II SO, tiiil not pi. ilii,.!. IVII. in Lontr.ist to tin, tcpoit.,.! 
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I IM I IlL ' IM . I ' I 


Hull's 1 1 III b I, I I !k i' .1 1 1 ol 1 ' I. M son I'o , ill K Ml 1 lii_ I'St) I I s<) s in ' i cl'h'II in Nu |ol suspcn- 
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Oil flic sMU'r‘ 4 islic elicit in solictil evtraclion 

( i\, < I'../ kS Jiii\ 1 962 1 

K It I ' u I .1 ni iioht I t'l p ipt I s I us ipps iittl n hisli sis il with ths n itiiis of Ihs spesits th.it s ,iise .1 
sMisipislis tlitst ’ll soK.nl s\lt istion sSsisiiis t.'iil iinini’ tlKuosIlnllnoii' isstoiu 111 \) intl i 
phsispli its ssiti ' Ml 4 ot the ittsiitu'n li u bss'ii tliictlsil to suhIiss ot the .isIiiikIs ilcmsnis but 
Hi \l ' li.is also in\sstii;.i’Ctt s.ii’ic i.ii e t ,ii ths anti ilk i bits' earths It h is btsn louitsl ili.’t llie piisnoins- 
nofi s.iii be s\pl iinetl b\ an oit; nt’s p! .iss re k’l >n '.hs.sbv tikis s an .'tltlii on ol one ot two I’lole- 
sLiIss ol 1 phosph.i'c estsi onto ths ntiili il I I /\ s.'i.'|s|s\ ol lbs ntsl il 

rite tjLissi I on ot b.tw ,t phtn ph ite ssisi cm .i.ttl .into .i ts n ivalsiit is I untie v hitb is sooi tlin.itslv 
sa'iii.ltstl bv ir \ IS one Inch IS .'ilhsult to ns., si Inkist ihispioblsmlstl lR'>is(.,intl I ik.im 1 1 o\' ' '' 
ti' piodisl lli.it tils s\iKi| 2 istis tllsst 'h.'ultl not be tibs.itsil in lbs sMristion ot tbs ten ,i\ .ilsnt .isli- 
nitiss Howivti 111 .1 1 u isi sdiiK on tbs t str.K lion t'l tbs .s.ia\ ilsrit .Is I ini.les w 'th II \ .iii.l IBP 
(ti i-biit\ Iphospli.ilsl llisv in I 1 st obsens.l i s\ nsig'stis sllssi " ' I hs\ w si s ab'e to .in il\ ss then i cmiIIs 
intcinssof 1 tlupl 'ssment ot Tf \ b\ 4 UP iiitl n.tr.its i.'n \s 'iissamplc b'r tb.ii itini thsv posinlats 
spcsiss stisli .IS Tb I ,( \() ,)( I BPl anti I b I .( \() l.tlKP). wbsie I is the siiol.Us ion ol 1 TA 
Although ibsir pisslisiio.i w is .nonj tbsv iisisitlslsss wsrs not l.issd with the puihlsin ol postu- 
iatine a niolssuls ,p w liish tiis s.h idinati.'ii sal in itioii is .ipp iisnlK csssstlsd AIiIioiimIi not psi linsnl 
to ihsn .il s-i'iisni ,i sboiiltl bs po..itstl out tbit tbs loi .iuiI.iimii . ol tbs it st|uilibiiuni sonsl.inis arc 
impr.’psi 1 ol ss., nip's in ilk stiii.ilioii 

[ n^T (jsd ) . )( inpiK 1 1 I 

’ ' (I ir^ ( hIT, (HNoTTmT, ^ 

whsis tbs .it|usous pi, .ns is ds .ipn Usd bv and lbs oipanic ph.ist bv o tbs nitiis .isid tcim in the 
acjuso'is phase should he wr'l'sii as lbs piodiisl ol bvdiopsn tnd 'iitials ions and sonseiiusiit ly ths 
st|i,.ilioi' pupsilv Wlltlsll 1 , 

Ilhl.tNO.illUPijm ),' 

'' iTb 'jlHTlTNOTUIBl'r 

In ibe study ol Irmm, and f ot.i'.t.ros ths nis.tsuisnienis were made tindei soiklitions .,1 lived 
asid and nili its ion st'ncenlr.iiions and consst|ULnllv this problsin was not lesOjaniscd Ihs sliidiss 
sondusicd with thuiiiim wcis pciloimctl at I) I M UNO,, and would have led to ispoiting \aliiss lor 
stability sonstanls whish were low by .i l.lslor of Isii lor the spssis's with oils niolssuls ot niti.its and 
low by a f.Tcloi ol Itjt) for ths spssiss with two niti its inolssulss I hey did not rspoit v.iluss of the 
stability stinsliiils foi the psisttilatsd thornini isaslions roitunalcly, the studiss condtislsd with 
neptunium and plutonium weie pi rfortnsd at 10/1/ nitric asi<! and sonsccjucntly, the values reported 
for the stability constants are sorisst il ths rormulalions arc rswi iltsn to sonlorm with ci^ualion (2) 

H lRVlN(,.indI) N f 111 .ISO ION, t.i) V /rir/i" \ii(l ( hi-in 15, 1 S.S ( 1 960) , (b), //ni/ 20, 114 ( 1961). 

fs) fhiciZO. 121 H96I) (d), //)n/2t. 169(1961) 

r V' UfAir (a) y /r/w" Ar«/ C/k//i 19, 114(1961), (b) /W )9, 12S(I‘X>I) 



Noles 


Although the tcsLilts ol 1 rvin<, and I imiIMiIon suggest that the synctgistie etleet lor the teUa- 
\ a lent act nudes takes plaee only hy a icplaecmeiu ol a 7 I A moleeiile, Hi Ai v' - “ knind that a sy ner- 
gislie clleet ean oeeur as a consce|Ui’iKe of acleiilion esilhout replaeeiiKnt Hi M Y also esaniined die 
1 7 A/ 1 HI* system, hill iitili/cd an aejucous phase eonlaining hydroehloiie aeid inste.id of nitiie It is 
appaienlly this dineiciiecwhieh permits the oeeuiieriee o( an addition leaetion as opposed to a leplaee- 
meiit reaetion to take plaec for the tetiasalenl aetinnles In a nitrate medium theie is a eoinpetiUoii 
between the cMrielion hy TUP ol the thoiiuni niliale eomplex and tile esli.ielion bv 1 J \ ol the 
ihoiRirnion 7 he eonsetnieiiee is a mixed ligand eomples wlneii eoni oils then luni nitr jk IHI’ and 
I I \ In a ehloi ide meeluini w heie there is no eompetition due to the extraelion ol .1 thoi lum ehlm ide 
eomplex hy I lU*, the synergism oeeuis by mean-, ol an adehlion leaetion I he re I ore it is appaieiit 
tlial Ihc leplaeenient me'elianism aiises solely from the phenomenon ol eompeliloe eejinlihria and is 
not inheient to the problem ol the aetinide being eoinilmalelv salinated 

In a iceeiitlv eompleted study Ni \\ ma st .iiul Ki o i / "' base show n lit at ihcic is a sv nerg'slie elket 
by iri-ii-oel) l.tminc I li ,N) on the soKenl extiaelion ol ihoiinmbv I 1 \ I he speeu s whieh was po'tu- 
I ile'd to aeeinint lor the s\ noigislie ell'eki is 7 hf R jN! 1C I ami eonsetjtienllv m addition i e lelti in is 
dso ohseieeel loi a tell leak lit aeliiuele element in a soniewh it elilieient sole ent e' ti aetioit ssslem ih in 
Liiiplosed by an\ ol t he pres ions \s oi keis I he arguiiieiit w is put loi ili i h it the R .N HC I s as born d 
bv me ms ol one ol the 1 I A moke tiles and not the ihm mm The data ol 1 le ilv permits an ex leii .ion 
I't tills aigiiiiieiil to the solsent extraelion svstein. ind niel.iis that were siudieil m his inseslie’ation 
1 It ily oblainesl cxteiisisc data lor es.iliialiiig the overall oe|Uilibiium eoiisl ints km ’ aruu's melals 
bv sob I lit exir It I ion systems eonlaining T 1 \ wnh 1 UP or 1 ( )P( ) (ti lor-oetvlphosphine oxide ) 71ie 
o\ei ill et|iiilibi linn eoiisI ml. A is tkliiied as 

jMI,S,i(H ) 

' (M hiH I ) IS)' 

where M represents I he me t.il iiiv olved in the e x(i let ion iiiil S eiluei IBPol lOI’O \ eompilauon 
ot the spee les vv lueh w el e obsei veil and the logai ilhm ol the o\ eiall ee)Uilibi lum eoiisiaiUs is pieseiited 
in 1 able 1 Iwo diluents sveic iiisestigatcd .ind the data obiaiiieel loi bo,h beii/ene and exeloliexaiie 
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a lakeii Irom ihe’ eompilauon e't Pi isk \n/i it anet loitiMSX lelereriee 4 
b 1 aken Irom Hr xi v leleieiiee 2li 

e I slimated on the basis ill U doubly eh iiged eaitons hive a disiiibuuon r lUo oik lomdi is 
I iige 111 be II /e lie than iii eveloliexane ( t .ible II in I It \i x u kre'iiec 2bt 


li I'e been iiieliided Also nielndetl 111 tile I able are llie log ii it Inns loi the osei ill cijuilihi mm eon-, mis 
10 I loi the r 7 A exli.ietKin ol e.ieh ol the metals I his eiiiist unis ekiiiied is 


(M Itlll)" 


(H 


1 1 ' e sallies were taken out ol the eomptlalteni ol Posk sn/i it .tiiel I i no m \s " iiiei sseie iik isuieel 
'h beiveile as the diluent 

1 NissMANand P Kioi/ J /Vit i (.lum In pi ess 

M Pi)SK\N/iR .md H M font mam, / //loig \iul (Ihiii 16. ^2t il'ii.i) 
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Nutts 


I fiL .Ktii.il sviKiuistis c()tt( till btsi bt t\akii.ilttl bv llit tu;;anit pliasc rtatlmn 

\i r, /'S M I ,s , 

1 ht n 1 Ik t i.|U' I iIm mm t iMisi nil tni this 1 1 itlion is 

K I '‘H ' 

(Nn 7 )(S)' 

v\ hit I) tan ht oblamtti In tin itlina N bv Is. i \|ib(>in;h llit it iii.i v bt a Ihiuisaik! Inlti intit ,isc in K„ 
nil "I'lni; liom i btiiytiit tliliitiu in tvtlnbtsant is ibt tlikitiil llitit is titiitially Itss th in i itii lold 
thaimt in lilt valnt nl Is i t I'listtjutiilh, il vv is pnstiblt In list llic \aliits ot K.,' mtasiiitti loi btn/tnc 

III tniinintiion w iih K iiit isuitil Un tstinlits int in iinkr In t.iltiilale a \ ikit nf K Ini tvtlnhtxanc 
\ sin lima I V ol iIk Int i i ilhm oI Iht saints t lit ill ilttl Ini bnlli tliliit'iils is iiitkitlttl in lilt I a bit 

II is si”iiitit nil In Unit llial iht saints lin llit s\ iit i i|islit tniislanl in a i;i\tii snlvtiil and Ini a 
ilistri ssiiti^islit piodiKiiT' I'jttil kill inln iwn 'Mtuips In nnt yinup llitit is a siil'alt s\ liti pislit 
prndiitini; iiioittiilt pti tnmpoiiiul anti in lilt stuintl nmiip Ivvn svntiyislit |n ndiit iiv; iiiolttnlts 
C niisidt I nip Ibt till It 1 1 lists 111 Iht lilt lals lilt niv ttl it is [till II k a hit In unit' lilt tn list. lilt \ nl Ibt v a lilts 
Itii K. w illiin t.ith iiit'uji 1 his IS tsptti.illv sipirlit ml suite llie s iliits nl K , iisctl in llic t.iltiil.ilinn 
tlilltitd bs as niLitli .IS lutlst nitkis t'l in I'jniliitit Suite Iht ssntipislit tnnsi ml is a limtlinii nnly 
nl lilt nniiibtr t'l ilniiis ptr mt'ktiilc .nitl iinl .i Inntlinii nl the mtl.il involved then ibt syntipisiit 
pit'diitinp iptiil iiitisl liktiv hums .1 btind uiili niK nl llie I lA iiinlttiilts vvbitb is allatbtti In ihe 
iiielal md ntu tlirttlly In Iht nitlal iistll II llie hn.id tsisltd btlwttii Iht syntipislit .iptnl and the 
intl d Ihtit sht'nld be dilKitiitts m ihe s.iliits td k vvhitli ullttl ihe dilltitntts in iht nitl.ils jiisl .is 
Ihtst dilltitiKts aic itllttltil bv Iht s.iiialit'iis in iho ohstivtti saints tin Kj I in.illy, il tan bt ton- 
t kitlttl that iht tlilltitiitts bt tvv ttii ibt tt'iisi mis (nr llit spot its tnni niiinp one sv iit rpist it pintlnt nip 
aetiii ,ind lilt spttits tout iniinp Iwn is .m iritlit.ilinii tit ihe si.ibihlv nl ibt .iddilitm ol the semnd 
nitilttiilt 

I Nisssian 

fii ook/nii I II \iiti('ihil / ll/ll II iihm 

I V V()( jLjfi J I nil 1 1 \i/'i V 

L f’ltiii ! Ki'i; hhunl Ntii ItaA 
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Mechanism nf an oxidation of ( r(II) in the presence of pyrophosphate 

kKi SI .inti I VI Ml h.ist shown ih.it ( I atttit lalts ilie lalt nl t r( 1 1 ) rtdutlion ol bolli ( ol Nl I 
td O ’ and also C tilNH ), ' I ht lalltr t.U.iKsis must msnlst an .muin tllttl on a ittkitlion svhith 
protctds by the tiulti split it mtthanisiii 

1 he rcdutlion ol C ti( N H ,),k I - by t r - is .itttleraltd by py i o|shtisph.iits Tm hi ' " lias prestiiltd 
cv itkiitt dial Iht pi I lit ip.ii ( Il 11 1 1 piodutt ol iliis it. it lion toni mis both thloi itit a ml pv i ophosphait 
inditalini: that Ibis ic.itimn msnlses .i ntin-bi idpinp " tllttl nl p\ rtiplitisph.ilt on .i inttlianisni 
nnnhing a thloi idt bridge li sttiiis ptissibk that at It ist a poiimri ol ibc clktl ol p'y i ophtisphait 
mav bt simil ir to lilt (1 tHetl on the rtdutUon ol C’olNH,),, ' and may mstilve an oiilci sphtic 
pa I h 

We have itinveslig.iltd ilic pyrophosphalt sy sitin'” It) estimate ihc importante nl Ihe tinier 
sphere path t olNlt , i C 1 - and CnlNl 1-),H <) ‘ wtit i tduted with less lhan cquixalent quant nits til 
CrIIl) m aqueous soluiions ol pH 1 0 under purilitd Nj in many cxpcriincnts pyrophosphalt w.is 
present in ihe same tonttnlralion (0 017 0 040 Ml as the oxidanl Immcdialtly alter rtdutlion, 

\si, VV. 1 S added In dcttrniiiit C J libtialed during llic redntlioii .Sodium s.dls ol anions and ptitlilo- 
ralt salts of talions were used 

No prctipilatc, was observed when Ag was added to sysltms m whith ColNH d.ll.O ' had been 
reduced by CrI II), whether or not H.I’.O- was present No AgC 1 was observed when ColN H ,),C I 
was reduted in the absence of H_lkO; When pytophosphale was present during Iht rtdutlion of 
Co(NHt),C 1 - till bidily developed immediately on acidition ol Ag lurbidity was less when rt.it- 
tions vvert carried out at 2 lhan when they were earned out at 25 C As Ag eonlainmg mivtiircs w'cre 

W Kri St and H Talbi, / Anut (him Sw S2, 526(1960) 

J HviprRN Qiiait Rii 15,207 (1961) 

H fAlBr, 7 4mi'i (him Sue 77, 4481(1955) 

J Hi^NrandJ hAKLFV,y Amir (Iwm Soi 82, 5312 (1960) 

•''' J OoRBli/, M St Thesis, Oeorgelown L'niv 1962 
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iill(iv>ed lo stand, slow lormation ol AgCI was noted at both IcniptraliirLs In order to estimate the 
initial amount ol tree C'l in solution, several mixtures were spun in an ullracentrifuge immediately 
after Ag ‘ ion was added The amount of AgC 1 reeovered by elfieient liltration .ifter eentnruging tin 
seveial minutes was always less than 10 per eent ol the amount ol CotNH,) C I - reduecd 

1 he prodiiets of the icaetion were separated by ion cxehangc columns The initial C r(lll) produet 
had absoiption peaks at 418 and 622 m// During a period ol several hours these peaks shifted eradu- 
.illy, beeoming fixed at 431 and 610 m/i, the positions observed lor Crl’,t)-ll_ Analysis showed ifiat 
the original Ciflll) produet had a P/C r ratio o( 2 0 

1 hese results support the previous eontlusion''*' that the major path ol the reduetion leads to a 
pioduet in which both C'l and pyropheisphatc are bonded to Cr(l 1 1 ) 7 he skiw ehani/c in the spectrum 
of this product and the slow lormation ol AgC 1 indicate that this species releases Cl at an appreciable 
i,ile 

I he small amount ol Cl iree in solution immediately alter reaction may indicate attack of C rill) 
on the pyiophosphatc ol the initial product or less probably, eontnhulion due to the outer sphere 
path It seems ecitain that pyrophosphate increases the rale ol the reduction primarily by a non- 
hiidging ligand elleet on the inner sphere reaction path 

We aie grale'lul tor suppoil by the Nation.il Suicnec Foundation 
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Preparation of disilanyl chloride and disilan>l bromide bv the reaction of 
disilanc with hydrogen halide* 

Is I luviol s eommnniealions we h.ivc desciibe'd the prepaiation ol disilansl ehlonde ‘ C I 

mil biomiele'-' IliSiSitldtr bv (lie reaction ol It ,SiSill.l with AgC I ind AglJr icspeelivcK Snxk, 
.mil SoMiisKi had altemple'd imsueecsstullv to picpaie the above eompounds hv the direct reaction ol 
Si 11 with HC I indHDi respoelively m the presence ol the appropriate aluminum h ilide' eat ilsst ’’ 

I hev I mind, that although (he desiicd leaetion oeeiii red the HjSiSiH.C 1 and H SiSiHJtr tould not ho 
ohl. lined in the puie slate, siike they undeiwenl disproportion ilion even at low tempn iluies V\ e 
line since shown ' th.U this dispiopi'i lionation is e.iialvsed bv small amounts ot hvdrogeii hilide 
md/oi aluminum halide 

In the pieseiil investigation it was tound tlial puts stable IFSiSilI C I md II SiSill.Hr ecsuld be 
ohl. lined liom tile reaetic'ii ol Si .1 b with tIC I oi IIHr it the pioduets weie e.iiefullv purdied Mihough 

I I iiisidciable c|u.mli1ies ol higher halides arc toimed in these ic iclions, this appeus to be the best 
method o( preparation ol disilanyl hiomide w hieh is i most iiselul si.utmi; malei i il lor the s\ mhesis i>l 
oihci disiliiiyl compounds since it m.iy be readily distilled m the \ icuum svstem 

Il IS ol inleiest to note Ih.it although HC I and III'" least lelaliveK slowK wuh Si 1 1 rl lOiim 
wnipci lime the .indlogous leietion with IllJi appe us to be almost insi.inianeinis I ' 6 mm) both 
'I loom tempeiatuie and .it 78 C 

I \IM Rl Ml N I \1 

Ml woik w iseaiiicd out in .i Fyiex gl.iss vacuum svsieiii Ml ipparau's iiisiiuMents and 'ceh- 
nnjiiss useil were simil 11 to those piev lously cieseiihed '' ' ' Disiki Me w as pi c'p.tred bv the rediielion 

' I Si C I, with I lAIII, ’’ C omnieieial anhvdious IK I llBi \I_C I, and M.Bi, vveie used wiihout 
I'M llici pill ilieation 

* fills leseaieh is in p.til a eonliibution lii>ni the I aboialoiv loi Rese.irdi on the Slrueliiie ol 
''luici I 'mvcisitv ot I’cnnsylvama supported hv the \dv.iiiecd Rescaieh l’iO|eets Vgeiiev ('tlliee ol 
' 1 ^ Sec lel.ii V of Delciise Reprodtielion in whole I'l in p.ul is peiinillcd lim iin purpose ot the I niled 
v lies (lovernmcnl I his repoit is based on portions ot theses to he submitted bv \l kbet'im and 
1 1 V,in Dyke lo the (ii.uluale School ol the I iiiveisiiv ot Fennsvlvani I in paili.il tulhlinxni ot llie 
sjuiiemenls loi the degrees ol Doctor ol I’hilosophv 

3 D C RAH., I V Uri NOV 1 u II and A Ci Ma< Divkmio J Chun Sm 548(1462) 

I Cl I Ward and A Ci Ma< Diarmid J ///ivg \iiil C In m 20, ''4‘'(1'>61) 

Sioi K and k Sommski Iin 53, 759(1920) 

' (> I Ward .inci A Ci Ma< Diarmid, / (/;;</ C Iwiii Soi 82, 2l‘'l (19M)) 

I f' 1 Ward and A Cr Mac Diarmid / //loi" \inl ( Inm 21. 2^"^ 1 1961 ) 

•' W Biiiiki and M K Wiison, 7 Chun /Vim 26. 1107 (1957) 
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^ I /) o; H NiSi 1 1 I I 

\,'nt iMiiMi \ I)' , oi OlIs \1 (, I, was pi Kvil 111 a skIl 1 1 111 UibL w li ilIi w as alias licil lo i 

’I Im II V 'll 1 . I ,>l ' O IIk ' I llM'll ^ 1 ' I 111. Mill, II 111 W is llllll Ik IlLll gsiulv III I'lllsl lo SUbllllK Ills 

Ml! I 1 1,1 il Mil . I I I III I )|s|l MIS ( s() lllinolis) Mill I 1C I ( I S millolis) MLIL sollllsllssil on top 

.1 , ' 1 li’ i'll ' I'l il >1 IlllK W ,1 H IS llll II 111 111 at 7s ( lol I hi I lls I Kl dial no lljcll oaill 

1 ' 1 1 i' ii I I ' M I ■ , . I M, ho . Ill di .1 I o U lil'od c'l dis 1 1 pc 

Si II MCI - ll,SiSill_< I IL 

II 111 I iL '1 p' I , I'll I. II ,11 1 '111 7 I h ill' wi ic iLcn illiiwLil 111 si Mill 1 1 I oi'iii Iciiipi 1 aims li'i S 111 

III 11 '"ill " is Cl O' 1 1 .1 I op a mill ill, ii„lii> il Oils pi I lOil Since M.t I. is know ii lo catal>so 1 lie 

ill ' "I'pi isil 1 'll I a 1 1 i Si 1 I (. I 1 he I Ills 1 ion I II sio| peel 11 dll . si 1 ML 1 lie li\ ‘ Il oL;eii was punijieel 

1' ' dll Ill 'll iL ii il ti P's iiii'iiii 1,1 1,1 li |unl iiilio’eii, mil die leiii I iiiii'M lolilils niiteiial was 

I'l Mo’lali 1 bl IK ' I , 'III, -'I I'l MIlMIe 1 1 lellOil llilli; eollllllll somell ll.ll Slinilai lo dial llesel ibeil 

hi (oil's 

e 'I'lmii leinp I M 111 i in ,';iioiii lopi os'ii' 1 ' e Is I ' 4- to lOs iinie it led i 1( I anil Si_( I, 
ilisldhil o ii I'Pi'ii iiii'i, Moin Ills ~s iiiiile ILSikill ^ I "as ohi. lined while lli‘’hei 

eliloi ' id Sil 1 le ie 11 I 'leil Is IK 'till I 1,1 III I K h' nil I li ii , t ' I dll' e I ude 1 1 ,SiSil l.k I Im illv \ leltlid 

dll piiii III 'leii 'I (d 70 ''ii!,,iL I'll, I wi hnind mm I i.iL I't, 7 lapoiii pusiiiu ii ds 1 ( 

loiiiul 11 I in'ii li 1 1 |Oii e 1 1 7 1 .1111 ' iili.iied pnii iini idi nl le '1 lo ii ,ii ol the pm e ni ilei lal ' ) I hi 
HIP lie I peid I o! oiliii liiiMo'is ohlai'ieil Ml Ui.s dislil! ition iiiilnaliil th il ihese also soiilaiiie'il 
II SiSi 1 1 ( 1 ei PI in I'll I’ll 1 Ii ill ' '111 ipi •' Ulus III I'll slim il'iv Si 11 ,C L I I'e )'ie 'ii.es ol el en 
sni .11 I'll, oils I I MI'Jiel i IiIi'ihIi s I'l the H S Sll l_C I could he i leOMU'/ed le id ill hv .1 t hai le li'l islie 
s’loiiM mil lied hsoipuoii doiihiel il Tti'i eiii ' mil '/'Mem ' ol almosi Lt|ii il m'l iisilns Wlieieas 
the mil ill! spistr ii ol 1 1 SiSdl.C I li ul piei louslv Km me istneil onlv in ihc Un K) cm 'lo('(i7eni ‘ 
icLion In me ms lit i I'eikin-I liner model I w U (nli aeoi d spe’eliopln'lomelci die s imple ohlainc'd in 
dlls Ksi (ell w I , e ' immed n die ,lK)0epi ' I i 1 (I) i ni ' leMion hi me ms ol 1 I’l I kin-l liner inodtl 
ddl ^1 I'ln^ spec'll ipiloloiileti 1 I he Si II slielel'iili; oiplion pievli)l|s|v lepoileil al S|‘;(),.ni ' 

w IS loiind lo he lesollid inio .1 We'l-ilelllled iloiihlel al 2lf'4ein ' llld 2IS0em ' ol a)mos| e't|ljal 

mil nsi Ills 1 he' I allies obi lined w idi the 471 spi, e Tophi 'tome ler aie eonsidei eit lo he moie ,iee ui ate 
than those lmuii b\ iht Inli .eoid msitu'iienl 

\iklition,il ei iileilee U'l ll'e pui ilv ol ihe 1 1 iSiSil 1,C I obi iiiietl as desei ibed aboie is pile’ll b'l' ihe 
last dial nepliitible elesomposiiion oeeiii red il 4s diii ina an eiphl-hour pei lOil k s.miple hai mp a 
lapoiii piessme ol I 1 4 nim at I' 2 (lilci iluic lalue" ,117 mm) w.is plaecil in ,m all-plass len- 
sinieier lilted with nieieiii > se ds The i apoiir pressure at d' 2 lose during 20 mm lo 12 5 nun and 
iheii iema"ieil const ml ,11 tins \ due lor the iie \l 7 -i hr 0 1 5 mm piessiiic ol non-eoiideiisahle gas was 
ptese'il al die end ol die eipennienl anil die oiliated speeliuni ol the whole sample was idcnlieal to 
that ol the stariiin mateii.d Ihe small use m piessuie at the btgimiiiig ol die eipnimint is not 
surprisin': loi unle,s die siiilaeis I'l a leiisiiiielei hue Ken llioioughly pie-liialed willi ihe pme 
eoinpoiiiid a sliahl ehanpe in piessuie i> lrci|ueiiilv obseiied this IS presuinablv due lo le letion ol 
die eoinpound wilh liaees ot maleiiil absmbetl on die lIi's 

Mihough esecss Si.ll, 'i.is Used 111 the iiiiiial leaelion sonic IK 1 mised wiih a hide SiH,, was 
renuercit uiiehaiTed as a Ir.ielio’i which distilled thioiieh •' 17) ( trap (mol wl lound, 77 4 

eale , 7(i 7 slron;: positiie lest loi C 1 allei hidiolisis iiiliaieil speelium showed the piesiiiee ol 
some Sif{,) nisiLinc (47 M mmole mol wl lound 76 r, eali f>2 2 inhaied speelrum uleiiiie il to 
that lit pme iiialen li ' ’) which .ippeaicd (o be ei'ntaiiiuiated wuh IR I was also isolated 

PiL/>iiiuliiiii <if I^^SlSlHJ^^ 

Si.H, (42 mmole) and Hf?r 1 1 4 mmole) were eondensctl into an approsimately 1 20 ml lube eon- 
taimni: M_Br ( — ^ I e) w hieh had prev loiisiy been sublimed in i at iia as a laser on t he lower walls of the 
tube I hat part ol the tube eoiuammg the reactants and catalyst was then siiriiHiiuled by a 7H 
bath lor 6 rnin Much hydrogen was eiolscd dining diis peiiod but only a slight .imoiint was evolscd 
during the next 6 min 

llydriigen was remosed fiom ihe other volatile inalerials by pumping the eontenls ol ihe lube 
through hie liaps iniinerseil in liijuid nitrogen I \ccss S^llj (73 mmoles, mol wt touriil, 62 0 
eale 62 I) was sep.iratcd fiom the reaction proiluets by distillation through a 06 C liap eonneelcd 
lo a tiap immersed in liejiiid iiitiogcn The bromotlisi lanes which eolleeted 111 the 06 C trap wcie 
then transfeired to the low tenipcralure' fraelionating column and upon distillation, a small amount ol 
Si.H, (column lemperalure 06 ( ) and then pure HiSiSill.Br (column lemperalure 64 C, 1 00 
mmole, mol wt found, 141 I eale , (41 I , vapour pressure at 0 C found, 44 I mm , literature 

'M C) r CoATls, y C/iini Sot 2007(1951) 

H S Cii rovvsKV and 1 () SirisKAi J C hem Ph\\ 22,979 (1054) 
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value- 4S 0 mm ) weic oblamed All ihe HBr had been consumed Jii ilie leaelion and Jti aildiUun lo 
llie 1 1 iSiSil bUr, laigc i|uantilics of liiglicr bromoelisilancs vveic abo produeed 

Disdaiiyl bmmide was toiivcnieiilly piepaicd on a large scale loi use m 'ubseepieiU syndic cs as 
show II by the typical c\|ic'rimciil given below Si_ll, ( I2f) himolc) and HBr (42 mmole) were condensed 
in a siele-ai m tube eonneelexi to a 5 I reaction bulb which contained ALBr,. ( ~-(l 5 i;) subliiocd on us 
iniui walls d he SnH„ and HBr weic illowed to \apoiii i/C into the leaetion bulb ind liter “i nnii .it 
iix'iii tenipci iltiie Si_( 1, ( I O') mmole mol wt lounrl, 62 0, calc 62 1 infiared spec liLim uleiiiieal tcv 
111 it ol pule Si_>l I, and pure H .SiSil I.Bi (7 (..S mmole I S pel cent v leld mol wt louml 1414 
tile 141 1, vapoui piessuie .It I) tounil, dS 5 mm litciiture value 4S () mm) welc leeovered lioiii 
the le let ion piiHluels .is desei ihed above A lurlher S | mmole ol shrill ly impuie m ilei lal i mol w l 
h'und I fs 0 V .ipour picssui e at 0 , lound, 4>) S mm) which could be used as such lor most s\ntlKws 
w is .il'O obi. lined No imieaeled HBi was reeoveied liom the leaelion products I iree qu.inlilies ol 
less Villa I lie lugliei bi oniodisilaiies leiuamed m Ihe (i leliiMialingcoIumn I he pen itv ol the 1 1 Si Si H. Hr 
w IS lurlhei eontii med by the Kiel that it undtivveiil only slight tieeoinposilioii on si.mdinL' .0 0 { tor 
24 111 111 .1 gl iss leiisimeler titled with inereiiiy s...ils Ihe vapoiii piessuie at the beCiiinine ol ilie 
e\pe I imeiU vv as 4^ 5 mm and ..Hei 24 hr it h.wl men vsed to vmls 40 n inio I I mm ol noti-eoiiLlen'- 
ible IMS w.is piesenl .11 the end ot the espeiimeni 

1 he ml 1 ,11 ed spec 1 1 um ol 1 1 ,SiSil lilt vv as measuied in the 40(KI em ' ^‘•0 e n ' i eeion bv nie.ins ol 
I I’eilsin 1 Imei Nlotlel 421 speetropholisineler The Si H strelv liiiii; absoi pi ion paeviotislv lepi'rtcd 
it 2l'’l)em ' using .1 Peikin-I liilei Moilel 1)71) Inliaeoid speelropholonieler vias lound to be re- 
Milved into a vved-ilehned tiouhlel .11 2162em ' ,ind 2l7t<ein ' ol eejual mlensilies 

h’liii 1/(11 innii / iilxinirai I of i lhini\ti\ M Sul nisi 

/ tut ( ! \i( \ of l\ nnwli (ouci C M SvnDvisI* 

IVi'hhli Iphid ^ l‘( nn\] luinhi \ ti M vi Di VpiSili) r 

I 'moil ( liblde I ellovv 
' Silled 1’ Slom Kcseueii 1 ello'v 


.\nnoalino of chcmicdl radiation damage in irssfallmc barium nitrate 

I /7c I i , < i/ It) Sip/i / 1062) 

Mvnnnic .iiid Slnovsiv ' ' line 'lloViii ihit when eilliiil Iild'.ivd eli I 'luie ii'lliles Ue 

nulled tiled nil e ll mi'lents llimels ll, lute ions ,ld oss.ell niell lei.' 'ins II T'l'sd 1 1 ll S 1 lice 
. sLo.niiine to loim 1 lie I I n’li' il nili,.le The itlhois obei,vd iviiv mill in'ie iline ine'eelioil 
6 'Hill Iided hlMi'Ill iiUl te So KiOelis studies Wele mule Ihe pU'eiU eonaiiunie ilU'P .eri'ils 
K suits on i sot tie I 111 1 1 .'III le ill lit; k lllelles ol _ It l.ldl itsii b ll null 1 'll ite 

Snilvl'e.d W| ule h Ilium ilili.ite vv 's t scvl Is imived the e I V si ils \ \i \ ill" m tile '() It'OiliesIl 
' Ii';v I Ik el vst ils w el e lined osel pliospl'oi u, pe I.loside S imples sc >!svi iji i ai in mPvUN Mll- 

I'onlis 'veie II Mill lied w ilh o _ n.ivs I'i doses ol iboiil 'o \l| n| 1 he ilosi iile 'v . I IN l(i 

I '4 hi I he 'I I nil lied e I V ' I d s VM le piess i ved in di sus ilixs s've i phosph.'. Us ps nti siilc be h "e 

s ' imiii I lori ol liiei 111 ll 111 i line ill bolln i in ll nine iliu'; i uiis vveie ni ii'e ni in m lure s i ilKerilui- 

sl 4 le e'eeli le I'ol .11 1 ov eil m mil 111 eel to vMtlvil I ( ot tlie e'e sil e d le 11 pe I ' 1 1 1 r i I I'e el ml i^e 

II 'll lie cl IS e si' 111,1 led spe'eli opln'lomell le .llv >Mlh I Beck ni in i 'OeV I Ot i . il 1/ ii ot i in le 111 

liiuhilion piodueed ,i I iii.l ve llovv-hiown eoleHiiilioii <1 the ervstils 1 he ei'loiuilu'ii dis- 
Pi'i lei! eoinj'letelv vvitliiii .iboul I hi ol Uieimil nine ding 

Iti suits on I sot Ik I 111 ll .mile iliilg ot the ehe mie.il el lin U’e il ib.lere nl U niper ilii, e's .le si.i 'i' n | i 
'hi I I" I 1 lie h.iLtU'ii annealed Is given h\ 

{|Nt>. )'. - 1N<\ 1,; ISO, )„ 

'tiiiilSO |„ IS the iilili.d nililte eoillellt ol the III idl.ileileivsl ils ind(SO ), I he nit I lie e oiili i I -t 

''■'e/ i lie' imti.il niliileconteiit vv IS ITl 1 ■')24ppm It is seen Unit the’ mm ding p lU. rn is saiiil \r lis 
' ’ 'I "til laied 111 othei systems tli it is in iiiiti ll l ipul le lelmii lollowiel bv I nioiic'li'n le ills slow I'lie 
' Iieoviiv IS I.ilhei sniill the h lelion leeO\eie>l met '0 In 'l2/‘'( isonleOK'S 

k <1 klvDixK K and S R Mhiivniv loud t82 I T'O I I'tss i 

k O M M K ,intl S R Moiivmv /'/.< loiodoy Soi ’I ia)(|o''|) 

k fi NI iDixK K .mil S R Miiiivmv /uidiix hioi h /u ( m I’li ss i 
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li.ii mill mil nil. IS s' ,ihV up 1 1 Kil lit II lv.ni|si I iliius " I wo t slim i is s m llu lili. i iliin. ' ' i >1 llu 
liinpsi iii'u toi Ills onssl I'l llKiinil tli somposiin>n of Isinum niliils l’Ol ^^'2 uiul 270 ( In ihs 
pi sst 111 Sit of I s pi I iiiii Ills I hi It 111 111 loiiii nl I 0 1 ) of s\ III hi 1 II miM'il 1 1 \ s| ils of b,u iiini nil i i li 

h iiuini nitnii wjs \iiiii i|l\ iiiiih ii';:ni i.liiii In ilnl Im s() hi u ;7s ( I tins ihi ills ippt'.ii nin of 

till il ini mi niliili on niiii iimo ni>i i|isi (lom i n(>niiil ilurni il di'iomposiiiiJii ot biiium 

nii'iU ilispiisiil 111 ll'i I'll! Ill niatiix Thi possibmiv tli.il thi illcil is iliii lo iiiiiiisphii ii I’Militlion 
Il IS .'III iilv bull i\i|iiiliil hi \t \nn(>< K iihIMohwii I In iliiniiuil ion ol ih- i' wii.ipc iiili ili iii 
b u Ill'll iiilMli IS 111 oiIh r U'lMlis Is ih.iiloii .1 liui inin iliiip plii in unnion 

^I’/oii /i t/;'( /III 'i/t - W I ,iii iiiilibiiiJ lo ihi \loiiiii I iiir.iv I si iblishniint lioiiib.ii loi llic 
iii.iilMtioiis whiili mil piilumiiil null ihi (imiini-Kii mil Sli i ili/ ilion I ml piismli’il bv ihc 
( ii'vii iiiiiinl I I till I S \ OiiioliislS R I 1 piiiiliilK .iikiiow liilpis the iw.ial of i siliol.iisliip 

bi l!ii Minisiii (i| Siiiiil ihi Kisiuili uiii ( iiIiomI \ll.iiis (.loiiiiiininl of liuti i 

RulIiiic ' u n'!( til Ldhdi tiKU \ S R \liiii\sii 

Di /I lIHiiii III Lif C hi iiii^n t S R I I’siiiisis 

Btjihiun Hindu I ml 1 1 Ml \ 
liului 

" I b rnoKi’r and \I A Whiihl'i Ihuipi \ Dulmiuim of Ijiplh il Chuiii^ln Vol I, p 620 
I onam.ins (jimi London ( I H7 1 

\I 1 /I N 1 SI RSI i\ 1 a and \V PiiKllisi Hidl iiihiii iHtitl jniltiiitii ~,i i iuwi mi mulli nut 2s9 
1 1 01 2 1 
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Crystal structure of thorium perthiorafe fetrah}drate 
by \-ray method 

i RlccihJ 2^ Oi tohi ! 1062) 

Ckvsiais ot Ulonum pirihlorali vin picp.ncd bi dissols))n; Irislil^ priiipil did .)nd puriliid 
thorium hvdioxidi in pirihloni and in 1 4 moli laiio The icsultant iliar solution was ivapoiaiid 
by passing dry .nr at room liilipir.Uiirc, vs hen iiyslals wtic formed I hi cryst.ds win sipaialid from 
the mother liquor and riir\slalli/cd from 0 2 N ptrclilorii and solution I hi iryslafs wire linn driid 
to lonst.mt vsnghi oset phosphorus pcnloxiile under vaiuum in a disiciator I lie iryslals win 
lolouilcss plates and extremely h)grusiopii When examinid titidir polarizing miirosiopi Ihi 
irvst.ds exhibited hi ixial charailer Analysis ol the irysl<tls loirispondid to the tormul.i I ti(C K),), 
4HjO KotiHorr and Ikids " reported Ih(ClOi), 1 7H.O starting Irom thonum ndr.di .ind 70",, 
perchloric and I liisi authors dried the iryslals lo lonstanl weight under vaiuum at 7U L m a 

I .M K.oiTHori, S fkttiA.y /’/i)v Chem 65, I020fl96l) 
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vacuum oven The dilTcrcnte in the water molecules of the two hydrates may be due to the tempera- 
ture elleet 

The tetiahydralc crystals weic powdered to about 300 mesh si/e in a dry box, (died in a 0 5 mm 
(I 13 ) Lindemann glass capillary and sealed it heimctieally 1 he X-ray dilfraetion pattern ul the 
substaiiec was taken with 143 2 mm G 1 camera, using nickel filtered CuA„ radiation at 34 kV and 



1 All! 1 1 

X-RAV DMA OI 

IWCIOP, 411/3 





d-spaeiiigs 

d-spaeiiigs 





obse r\ed 

ealeulated 


Relative 

me No 

hk! 

(A 1 

(A 1 


intensities 

1 

020 

X 246 

X 246 


Is 

2 

021 

6 6X1 

6 6X1 


13 

3 

012 

3 313 

3 370 


10 

4 

031 

4 K'H) 

4 440 


20 

s 

022 

4 6X6 

4 6X6 


20 

0 

1 It) 

4 324 

4 3(X> 


20 

7 

101 

4 140 

4 1 34 


100 

,s 

003 

3 763 

t 7X0 


3s 

u 

102 

3 31s 

3 501 


20 

It) 

042 

3 35X 

3 3 43 


20 

11 

1 31 

3 323 

3 316 


20 

12 

122 

3 220 

3 226 


20 

1 3 

140 

3 031 

3 026 


73 

1 4 

0s2 

2 N6I 

2 X60 


20 

1 3 

123 

2 70() 

2 714 


20 

16 

133 

2 551 

2 3 36 


20 

17 

062 

2 474 

2 4X0 


30 

IN 

|32 

2 410 

2 104 


20 

14 

1 13 

2 334 

2 36 4 


20 

20 

124 

2 301 

2 3(X3 


20 

21 

01 s 

2 234 

2 233 


20 

s s 

2(K) 

2 223 

2 221 


30 

2 t 

211 

2 171 

2 170 


30 

24 

2 30 

2 063 

2 064 


23 

2s 

123 

1 463 

1 466 


20 

26 

213 

1 40(1 

1 404 


33 

27 

(HI 6 

1 SS4 

1 N4 3 


13 

2,3 

242 

1 n33 

1 X14 


3 3 

24 

164 

1 X06 

1 SOX 


33 

30 

I'i2 

1 773 

1 778 


20 

31 

20 4 

1 731 

1 732 


20 

32 

2 34 

1 672 

1 66S 


20 

33 

073 

1 637 

1 637 


20 

34 

21 s 

I 3S3 

1 3N1 


20 

3s 

047 

1 30<» 

1 311 


20 

36 

127 

1 44(. 

1 300 


20 

37 

312 

1 427 

1 427 


20 

3N 

240 

1 416 

1416 


20 

34 

322 

1 404 

1 410 


20 

40 

14S 

1 2X6 

1 2X4 


20 

41 

3s3 

1 271 

1 2'33 


20 

42 

134 

1 137 

I 140 


20 

4 3 

460 

1 030 

1 030 


20 

44 

24S 

1 tX33 

1 (XU 


20 

4s 

426 

0 4310 

0 4s IX 


20 

46 

364 

t) S047 

0 X0S4 


20 

17 

3(1S 

0 7431 

0 7424 


20 

IN 

34 3 

0 7n 36 

0 7X2S 


60 

44 

373 

0 7X04 

0 7X10 


30 

4 44 A /i 

16 31 A and < 

11 33 A 
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I S ni \ I hs spiLinxii was lolakil ihioiigh ^('0 aiul csposisl toi IS hi [ he il-spai.in"s o( ills ilitli is- 
iKMi p iiu in v\(, 1 1 t orii.^ iLsI lor tlis him shi ink.it^e I he hiKs ueic iiulevnl loi oi Ihoi houihie svslem 
usiii^Hlssf anil I iiM’soN s proseshiie ‘ ” I he ohseiveil and (he c lleiil ileil thspaeiiH's aeeoidin!;(o 
(he OI (horhoinhie ssslein (o^edier with (he relatise KKe'iisKies aie yive'ii in the ( ihle Re'ladvc 
inleiisiiies \\e(e \ isualK assipned 

1 he leseiKs pi\en in (he ( ihle shoes (hat (heie is a pooel ipieeiiieiit hetseeeil (he ohsereeel anel (he 
eomputeil \ lilies loi \ II unis lelleelions, espeeiilK loi meeluiin anel liiph sallies ol (! 

I he ileilsKv ol (he eiesl lls w Is ele le 1 tniiieel hs (he speeille piasKs heUtle (isini; elis hen/etle .Is 
elisplieinp liejiiiei met w.is liHirul to he 2 7S0 " ml at 2s < I mplovinp (Ins density ilie nnmhei ol 
nioleellles ol (he pelehliH lie per unit eelt ee.ls loiliiel to he I 9.S2 -- 2 1 loni (he system. Kle .ihsellee ol 

Ihe lines when h .mil k iie odel in h(K) .mil O/d) lespe'etiselv the syninietiv ol (lie eiystils rn..y 
eoriesponel lo l> ^ . (sp.iee pioup .\o I M Ihe delimits e.lLiil iteil lioin Xo.iy dill is 2 .S’02 p/ml 
u hieh IS m poi III i"ieenteii[ isilh (lie espe l ime nt il y ilile Siiiee the e I \ sl.ils lies \llemelv hy noseopie, 
sinple el\sl il \-l IS ehllt letion ei ulel not he done 

1t / iiiMi A i/ n nil 1,1 Till' Hithois iie thinklal to Oi I Sii\s.k\r Ioi heljsin” in tikinp (he' \-i.iy 
p ittel n 

1’ R SMS Ml R I IIV 

D, l>ill t'lU III tif llloi illh/ pin \II ill ( Ih Ilili'l i ^ ( I’MII 

liulitiii liiMiliilc i>J Si 'I /III 
Biiii'^tiltii c I 2 liuliii 

' ’ K 111 SSI , 1(/|/ t M 1/ t, 2(X) ( I94.S) 

"Ml I li’soN, It/ , ( M 1/ 2, 44 ( 194*11 


The partial inolal \olumes of 0( N , .Se( N , RcO, , BF, , SOjF , S(),\IF 

( A’l << Il 1 1/ 4 Sipui.ihii 19(i2) 

In ini eoiiise ot .in in\estii;al ion ol the relUie'iiship heteeeeii si/c ol eeit.iin inoipinie .inions .ind 
Ihcir bioloaieal aelieils'*' neilher (he p.uli.il ntolal loiiie soliinies noi .ide'e]n.Ue density dill seeic 
k'Linel to he .isailible in the litei ituie Density dcleiniin.uions ol .ujiicons solutions ol K.DCN, 
KSeC N, N iKeC)i, NI 1 dtl ,, NUiSOjI' .ind NH |SO iNH^ esere e.irried out 1 he p n li (1 mol.il solumc 
ol caeh salt ee is obt.iiiied "i iphie.illv Irom sicnsiiy ilat i bv the method ol MseSoN ' 

S'li ,i„ Sv V C 

nhe're dn is .ippilent mol il lolunte' 

cAi IS the pirlid 'nol.il eeih/iiie .tt mrinile dihitii'ii 
S, Is the slope 

e IS the eorieenti.ition in moles I 

The partial iiiol.il \eilumes e't the tnions were then oht.nned hy snblr.ieliny the e ition yoleiincs 
aceording to the eonsenlion ol I sisns inel Johnson ' 

MAIIRIAIS AND MMHtJDS 

Of the s.ills employed in this viork N.iReO, KOC N and NU|SD,NH. vsete stippheel in le'iyenl 
eir pure lorin .NHiHf i u is prep.iicti I rom NI I ,Hh.. .ind H iBO, actorehnp to Boom .<nd Ri iimar 
KS eCN (Bios I .ibeir.itories) w.is purified by exti.ietion in .leclone at loom lempei.iltiie <ind cold 
rccrystalli/alion from Ih.it solvent , this method sv.is a modiliealion ol that by W M i mns .mil .Sum i ' 
the told retry st.illiz.ition being sttbslilultel lor the dislillati<in sinet some deeomposilion of the 
sclenoeyanate aeeompanicd its tieatment iMlh either heal or yaeuum Nil iStJ,! (thcmie.iK I’roeiire- 
ment I ab(>ralones) vias purihed by cMraetiesn in methanol, lollowed hy c\lriction m ethanol anti 
two-fold reerystalhz.ition from the same solvent aeeoiding to rHAt'lif"’, the final pioduet tyhibited 
a definite melting point of 245 C, it yielded upon elemental analysis, N 11 88, S 27 03 h 
16 36",,, thcoretie.Tl N n96,.S 27 38,1- 1622",, Double distilled water w, is used Ibroiighout 

'9 J Wot Ft and J R Malirfy, B/in/inn Biophys 4r m 69, 58 ( 1963) 

•2' D O Masson, B/n/ Afqg 8, 218 (1929) 

K Fajans and O Johnson, 7 Amei Chun Sor 64,668 (1942) 

I*' H S Boom and S Rfhmar, Inorgann Synlhines, li, 23 (1946) 

' ■> G R Waiikins and R Sliuii, Inniijumr Bynilnse', II, 186 (1946) 

I*' W fRAum Bit 46, 2525 (1913) 
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Absolute densities v.cre determined at 25 0 ' 0 01 C by the pyenometrie proeedure deseiibcd by 
Halii k and I i win''’ I he volumes of the solutes were calculated Ironi the solution densities according 
to the proccduie desciihcd by Masson'-’ I he apparent \olumc oceeipied by the solute m each 
solution was obtained Irom the equation 

wbeic t/>^ IS the appaicnt inolal volume fml per mole) ol the solute at the spccilicd eoneentration 
1/, IS the niolceiil ir weight of the solute, is the mass ol the solute in the solution iV is the mass ol 
the solution, il is the density ol the solutn>n, (K, is the mass ol the water in the solution, and i/, is the 
density of pure water at the temperature specified I oi c leh salt, the .ipparent molal volumes were 
plotted veisus the squaie roots ot the molar eonccntiations, and the paitial molal volume ot ihe salt 

1 Mil I 1 C'ON'r I N I RA I IONS AND HI NSII II S III SOIlllONS, \ND M'I'AKIM Slolvl 





VOI 1 

Ml s (11 sDi 1' 1 1 \i 25 0 ( 









<h 





-.f-v 


C oiieeilti ition 

llcnsity 

(ml/ 


C onccnUeiluMi 

Deiisitv 

(ml, 

S lit 

1 "„) 

( molai ) 

( am/ml) 

mole ) 

S.llt 

i \ ) 

( nil liar) 

(am ml ) 

mole) 

N iKef), 

Ih 24 

1) 68 1 6 

1 15068 

48 71 

NH,BP. 

16 52 

1 681 

1 0(.812 

62 82 


It K7 

t) 6660 

1 I46K7 

4S 49 


12 112 

1 21 1 

1 04812 

62 85 


n to 

0 5451 

1 11976 

48 12 


5 051 

0 4901 

1 01786 

.C 59 


10 157 

0 4044 

1 08807 

48 14 


2 591 

0 24*^0 

1 00769 

62 to 


f) tv 20 

t) 2616 

1 05649 

47 95 







6 414 

0 2471 

1 05274 

48 01 







4 2f.6 

1) 1613 

1 01141 

47 87 

Ml.SO.l 

10 08 

2 917 

1 14717 

66 to 


2 726 

0 1017 

1 02(X)1 

47 51 


21 24 

1 992 

1 09881 

66 23 


1 81 1 

0 06708 

1 01221 

47 41 


13 49 

1 22t) 

1 05947 

66 14 







10 059 

0 8958 

1 04297 

66 04 

lsf>f_N 

27 88 

1021 

1 17026 

18 17 


7 125 

0M13 

1 01007 

66 04 


10 Ot 

2 60(1 

1 II 107 

17 48 


3 005 

0 2(>01 

] 01041 

65 76 


12 714 

1 670 

1 07112 

16 99 


2 915 

0 2514 

1 01002 

65 (s9 


7 628 

0 07<S8 

1 04077 

16 55 







t v)06 

0 4'107 

1 01917 

16 14 

NH.SO^MI. 

40 04 

4 228 

1 20512 

65 10 


1 617 

0 2(K)5 

1 00614 

15 87 


10 20 

t 019 

1 14859 

64 45 







24 41 

2 192 

1 1 1827 

61 63 

KSe( N 

42 74 

1 928 

1 12412 

M 99 


IS '78 

1 811 

1 089';0 

61 10 


tt IP 

2 840 

1 21191 

(>0 84 


It 12 

1 218 

1 061 17 

62 52 


to 7t 

2 587 

1 21276 

60 85 


9 1)51 

0 8249 

1 040)5 

62 05 


'’2 t4 

1 778 

1 14627 

(>0 10 


5 512 

0 4960 

I 02122 

61 54 


it to 

0 9978 

1 08108 

W 04 


2 821 

0 2499 

1 01045 

(O 65 


6 848 

•0 49 tS 

1 01889 

59 51 







2 St2 

0 1991 

1 01 191 

59 (.() 







Ml V. lilies toi peieeiit eomposition and dciisitv arc eoi reeled loi biun mev 
I he percent eonecnti uion (gm salt, gm solution) 100", 


1 MU 1 2 

INI INI 1 1 Dll U 

PvKIIAI MOIAI 
IlDN VND S^ Ml 

\()| 1 MIS Ol SM I'i \M1 

S\l IS IN lOl S S<.il t 

1 ANIONS \ I 

1 UtN M 2^ 0 < 


./>„ Salt 

,/>„ \nion 


5, Silt 

Salt 

(ml mole) 

(ml 'mole) 

(ml mole 

' ) (mole’s '1 1 ' - 

NaReOj 

46 97 

48 7 


1 99 

KOCN 

15 14 

26 7 


1 48 

KSeCN 

58 70 

50 1 


1 21 

NHiBl , 

62 04 

44 0 


0 67 

NH.SO,! 

65 79 

47 8 


0 297 

NHjS(7iNH, 

59 15 

41 ; 


2 84 


v liM-iK.indS / Ll WIN in W I issHi R(ii K, /Vii vKu/ 5/<7y/(i(/v <>/ rChcrrinm t \ id I Part 
^ P I4<S, Intciseientc Puhlishei s New York (015')) 
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Nolo-. 


at intinno dilution was oht.iini-d b’l iMi.ipolaliii” i lnu dt i\mi [htiHii;h Iht points lo ^tro 

LOiistnlralion I ho l.isii'i S^ u.is dolimiiiicdas iho slops ol ills slrandil Iiik 

/\nsil\ doiomim.ilu'/is usto .ilso iii.ido I'li soliiiu'iis ol Is I /sS( N .niil NK,S( N in oidor to 
ohlaiM \ lints loMhs anions I and M'N lo toinp iit « nil \ a/nts on In I \uss and Ioiinsov'-" 

I ht (^i|, v.iluts itporittl bs llnist inihois bn I and S( ,\ no 'b 7 ml molt ' .iikI 40 6 nil niolo ' 
itifttiotb lilt \altits bniiiil b\ oni dtloiniin.ilions ntit tn S ml mc'lt ' bn I , and 41 0 ml 

molt ' loi St’N' istillui I ht potassium sail or is lilt aniniomiim s ill 

Rl SCI IS 

1 be toiittnli uums nn,i.nholli isptittnland is molar tsilh iht dtiisil its t>l lilt soliilions aikl the 
appirtnt molal sohinits ol iho solute no pistil bn t itll silt in I able I 

I ht p 11 1 1 d iinilal solunit ol tath s.ill it in I milt diliilioii I lit t lit iil ilotl p n 1 1 il molal \oliimo ol 
Its <1111011 at iiiliiiitt diliiUtni .mil ilit slope S. itl.nini; its appiitiil niol.il ti'liiiiie to (iiiiio molar 
toiittiiii, moils lit .ill t;i\tii 111 I ibit 2 

I R M M ki i 

\tii ion i/ liisiilKli’ df h ilii ms nnj t /I'/iiAo/ii Distiisis J Woiir 

\iirioihil InshiiiU s of Ihitllh 
Hi thi sJil I 4 \/ui I hllli/ 


Distillation ol riitheniiiin (etraoxide t\ith volatile acids 

( Rcctii I’l/ 2') Sifiliinlni 1962) 

As nil boiling point ol iiiilitriuim Itti.iosidt is lou ( 100 ( ) rnthonnim tan bo oasilv stpaiatod liom 
other cltiiitiits bv distill itioii When the distillation is tamed out \miIi pure viaur, iioutior. the 
yield fluctiMtos Innii 66 tii 94 ptroont Phis low yield is eaused bv the deeoniposnion ol iiilheniiim 
letr.iOMdo and the deposition ot riithennim dioxide in llie hot /mie ol Ihe dislill.iliini .ipp.ii.mis 
L.Ttely the* e'Oeel of several oxidi/ing ageiKs loi ruthenium w.is studied .ind the yield was un- 
proved *' Ills' author believes th.it the elleet o( .leids on the ynld must be also simlied 

In many cases, sulphuiie aeid (9S 3"„ soln b p 130 ( ) which is a tvpical lum-volatile aeid has 
been used together with the oxidi/ing agents The somewhat volatile peiehlonc aeid (72"„ soln b p 
203 C) has also been used In this note the distillation o| ruthenium teir.ioxide Irom solutions ol 
volatile .leids c g nitiie .leid (69 H"„ soln bp 123 C ), aeelie leid (bp 1 IS ( ) ti ilkioi o.ieelie aeid 
(79 4"„ soln h p 105 5 C) or silieolluoiie aeid has been studied Mixtuies ol these sol.itile .leids 
with phosphoric or sulphurie ,itid vveic also used The vield of ruthenium teliaoxide by distillation 
was mc.isiiied vviih rulhcnium-106 as the tr.icei 

rXl'l RlMLNTAl 

The solution ol ""Ru-‘"''Rh li.ieer (about 500000 eounls/min) pol.issium pel m iiigaii.ite and 
water was mixed in an all-glass C leiseii s distillation ll.isk with the volatile aeids and il necessary, 
non-volalilc acid and the mixiuie was distilled The air, vvhich esc.iped thrtiugh the eondeiiser, was 
washed m a bubbler I be imlial volume deereased by about half after distilling lor 30 60 nun Then 
the y icid ol ruthenium telraoxidc was deterniineel by measui ing the aelivily ol a eonstanl \ oluiiie of the 
distillate the washing solution and the mother ht|uor with a well-type seinlillalioii eounlei 

For expel inieiits on a maero scale a mixture ol nict.ilhe ruthenium and ^"''Ru-""’Rh tr.ieer fused 
W'lth potassium hydroxide and potassium nitrate was used as a sample 

When nitric acid was used ruthenium tetraoxide was easily obtained m 95 per cent yielil The 
addition of sulphuric acid to mine acid hardly uiflucnted the yield When acetie aeid or trilluoroacetie 
acid was used, 30-40 per cent ol the activity was measured in the mother liquor and the yield ol 
ruthenium tetraoxide was 50-60 per cent The addition of sulphuric or phosphoric acid to these acids, 
however, improved the yield to 91 97 per cent In the case ol phosphoi ic acid the yield reached 95 97 
per cent because its dissociation constant was much smaller than that ol sulphuric acid and therefore 

D N Huvri, Radiochemical Studies fhe Fission Products (1 dited by C D Coryh i and N S 
Suf.AKMXN) jV, NFS, Plutonium Project Record, Div IV,Vol 9, pp 1557 1560 Mctiiaw-Hill, New 
York 1 1951 ) 

N Smio (9 al , Proceedings ot the Second United Nations Conference on the Peaceful Uses ol 
Atornis hnergy Geneva, 20, 216 217 (I95S) 

T Kashara, do/itfAi /Ina/i's/ 7, 89 93(1958) 

T Kanrarx Japan Ancd\ St 1, (1958) 
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It tlLcompi'scd the potassium pernianganale more slowly When a mixture o) silicohuorie and phos- 
plu'iie aeids was use’d, luthemiuin le'traoxide was obtained in good yield, although the eleposition of 
while hydialed siliea was observed in the cooler 

In the ease ol the macroscale distillation with these volatile acids, the use of volatile aeids prevented 
the precipitation of a black compound of ruthenium in the condenser 

In cveiy ease, a solution ol ruthenium tetraoxide in carbon tetrachloride was easily obtained by the 
extraction ol the distillate with carbon tetrachloiide 

An example ol the constitution ot the reaction mixture and the yield is as follows 

C ON.STITUTION Ol RLACTION MIXTURl 
f>'"'Ru-""'Rh (0 IN HNOjSoln ) 10 ml ( --500,000 counis/mmj 


kMiiOi 

> a 

)l,0 

45 ml 

C H ,rOOH (purilicd) 

30 ml 

11, PO, (S5‘'„ soln ) 

15 ml 




Yii 1 1) 

Ol ‘""Ru 



Volatile 

Non-volatilo 

“’"Ru used 

Ru distilled 

Yield 


acid 

acid 

eounis/niin 

counts, 'min 

( "J 

Scale 


1I>0, 

8*370 

6020 

67 

C f • 

C 1 ,< (30H 

- 

514,000 

2*32,000 

57 

C b 

f |-,C()()1I 

H,PO, 

514000 

4*39,000 

97 

C b 

C ll,( (K)ll 

- 

514 000 

2*38 000 

58 

C 1 

t H.C'OOH 

11. SO, 

514,000 

46*3 000 

*31 

C f 

C K.COOll 

n,po, 

514,000 

4*37 000 

97 

C 1 

C H,f OOH 

l(,PO, 

257 IK)0 

244 000 

*35 

100 mg Ru 

UNO, 


514 000 

504 000 

*38 

(' b 

UNO, 

H so, 

514000 

487, ax) 

95 

C F 

ll.Sil,, 

H,PO, 

514 000 

50*3 000 

9*3 

C 1 

* C [ earner-free 

Ruthenium tetraoxide is a weak 

DISC USSION 

acid and it dissexeiatcs verv slighilv 

in ils 

aijiici us solulion. 

S Mariin"' 

re'poricd that the lirst oidei dissociation constant svas 6 8 

0 3 

10 ' Thcioni/cd 


luthenalc ion reads as a strong oxidi/ing agent, anil decomposes mio a hlJek preeipilalc 

In in acid solution, the dissociation of ruthenium tetraoxide is depressed bx the commi n ion tlfcct 
ind the stability ol the tetraoxide iiiereascs Therefoie the yield of lutheiiium Iclraoxielc is mipreivcd 
h\ distillation with a volatile acid which is not a reducing agent 

I he well-known inetheid ol distilling i uthemum leliaoxide with caiboii dioxide or peieliloric aeid 

ni.iv also be based on the same piineiple 

■ 'losiiio kODA 

III Indiisliutl Ki’scauli liistitiilc, 
lliiiiie-niiichi, Kilii-kii, Ai/gnw; Japan 

' I S Martin, J (luni Sac 2564 70(l‘l'’4) 


Absorption spectra and configuration of the ammine complexes of coppcr(ll) 

( Ri'i I'/i I (/ 6 \ '< X i’mhi I 1 '^6 2 1 

I X iceent p,iper''' m this )ournal CiRani and Koi i «a< k have eompuled the spcetri ol eexppcr(U)- 
'ninine ions Iroin the monammme to the Iciramininc by re->ol\ ing the spectra ot e'e)iiilibriiiiii sohuums 
will; the lormation constants determined bv Hu rri xi As cMily as 19^2 such a eomplde .inaKsis 
' iii.ide by Hjirrum’-’ .md the results e|iiote'd m this p.iper weie later discussed bv Bjirkim, 
'I 1 II XI M s ,ind liiHiilNsl N'" Ills howexer eomplelcly mexplie iblc that CiR xNi ,ind Koiirack 
‘P. iie (in labic 2) iheii expci iment.il values lot the maxim i ol the .miminc spexli i m some cases 

I' M (iRANi and R KoiiRAik.y liiai" Vi«/ Chan 23, 25(1*161) 

' Hiirrdxi Daiiski hilrink .Sc/a S/i/f-/|i Muld II, No 10 p 46 11032) 

' Hu RRV’vi, ( I Hxi I HAt Si s and t' K IoriiINsin 4 < tu ( /r ni Siu/r/ H, I 27 S|(i|S 4 j 
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Notes 


« ith Bji rkl m s tspcriimntal \ allies and at other times (nionamminc and li lammine) vs ilh e,i/eu/alcd 
value’s found on the basis of the ervstal field fheeiiv 

In fable I tiKAM and Koilraiks esperinienlal values foi the wavelength of the absorption 
masiina are eompared w ilh those obtained by us In addition aie given values for themohrestmetion 
eoelheients ol the absoi ption inasima t is diieetiv lead ft om the curves (ref I, I ig 2a. ref 3, 
I ig 4) 

A elosei eonsietei ition ol the data in fable I shows that on the whole there is a good agreement 
between the esperimental lesults ot the two groups It is only lor the tiiammine that there is a eon- 
siderablc eleviation Hvnvever this has piobablv something to do with the laet that Cirani and 
koiLRAeK applv BJiRRi'sts values lot the eonsceulive lormation eonstants determineii in a 2M 
ammonium nitiate medium at fO ( to theirealeiilations in appreisimately 2 M ammonium vi/Z/tf-ute 
at an unspeeitieci temper uuie Changes in meilium and temperature do not mnticnee the relative 
values ol the eonse'etitive eonst.ints very inueh Howevei the numerieal values of the const.ints will 
be ehanged, and this vv ill mamlv inlfuenee the lelative .imount ol ti lantmine since the eonecntralion ot 
flee ammonia is not negligible loi n ^ 

CR3SrAL fll LD C A Lt 1 1 L A f I O N S 

In llicir p.iper Cir vs.i ind Isoi i r vi s " postiil ite th it leei'rding to the ti)'-tal field fheoiy file wave 
number ol the spe'etral (Se.ik ol C ut NH shoiihl fall exact I v between th.il of Ciif H .()),- 

ind t u( NH , I, assuming tli.it the dipole momeiits .mil bond dist.inee's remain eonstant in each copper 
eomple V T his IS .in ineo/ieet St liemetil. .in<l it is difficult to iiiide'isi ind how the .ml hors .irrivt at this 
I e suit eonsidei mg ih it it is the 1 1 ^ .uid not the f/<i/iv eompotind vv hieh li.is the two ideiitie.tl II ,0 NH , 
IMS Accord 1 11 g to the theory it is the sum ol the eonli ibtitions along each .tvis w hieh alone determines 
the pet tiirhation energy " tnd this le ids to the iipposite lestilt. it is the vv.ive numbei of the iiv 
complex which undei the given .isstimptioiis should be the average ol that ol the aipio .md the 
let ra mm I no ions 

In the l.ist es'luinn of I able I e'ur values for the vv iveleiiglhs of llie mixinii ■’( the mleimediilc 

I VHI I I kfWIMV Of I'RINI It’ll AllSORIMION IM VK lOR lilF VMV1ISI- 
( OVIl’l I MS Ol < OPPI Kf Ilf 



(_iR \M 

and 


Hvl 1 llvi 

S» St 


Kol 1 R Vt K 


lIUl JoKlil SSI S 

<-op[iei(l 1 ) ion 

/ < mu I 

til 1 

/(mu) 

' ... ,v 

/ ( mu IC.lle 

Aeitiii 

soo 

( ^ 

790 

M 

_ 

Mon immiiie 

752 

11 

745 

ss 

710 

niammine 

678 

M) 

6St) 

29 

6701 ( IV ) 




'-(lOOtshoulde r) 

620( li am) 

1 1 lammine 

621 

4N 

645 

41 

660 

I e’trammmc 

581 

<,2 

5>f() 

53 5 


I’eiltammine 



0 ft) 

84 



.immine ions .is calculated by H vi i h vi ’si \' ' .ire givi ii .ind it is obv ions th it the m.ixiniiim louiid loi 
the diammiiie esunplex corresponds to the in complex It may hirther be seen that i weik shoulder 
found m Bjirkcvi s curve for the di.iminine complex vv.is close to the caleulaied value louiid lor the 
nain complex 1 his gives some evidence of the presence ot the tiii/n isomer for purely slatistie.il 
reasons the concentration of (he cn complex should be (vviee that ol the /lain complex, but the 
cn-triiin ratio seems to be essentially higher th.in two in this ease 

GRANt anvf KoilRAris assume that a statement ol VfitroK suppoits then assumpfion (h.it the 
Ham complex is more stable I han the i n complex This is a wrong intcrpre1.it ion What Ml i r ok has 
stated m his rev icw article in Id43 is only that solid r/v square planar unidcntalc complexes of copper! II) 
arc rarely found 

I BjtRRl'M 

Di'pcH tment 1 Inon^anii Chenmiiy 
The H C Ol sleil [mliluie 
inn emu of Copenhai;cn 
Copinhui^en Denmark 

C J Baiihausfs. /iifroiJiu lion la Lii^ani/ rieli/ T /ii or\ p 106 McCiraw-Hill New York ( 1962) 
C J Baiihausfm, Damke Vuiemk Scisk , Mai -f\'. MeiM 29, No 4, p 16(1954) 

[) P Muior, Chem Rev 33, 178(1943) 
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The empirical relationship between the activation of energy viscosity 
of liquid metals and their melting points 

(Reci'ii'i’il 24 October 1962) 

Ri( iNil Y, an cinpirital rclationsKip was established between the aelivalion energy ol siseosny, //, 
and the melting point ot the metal " - *’ W,, is clclincd by Andrade's equation (see 1,2.3) 

// cic\p(H,JRT). 

whcie ij IS the vise'osily in poises, //,, is in geahg .ilom and 7 is in K 

1 he relationship was not expressed algebraieally because it was desirable to obtain additional data 
on the high temperature br.ineh ot the curve i c , viscosity data ot high melting metals The scattered 
slala on copper" ' “ '' and iron'’*, on which we have been depending, have now been superseded bv 
recent and mine reliable measurements c>f CsVAiint"" on the same metals and also on nickel and 
cobalt 

We beliesc Csvmiir’s dat.t to be more accurate than the picvious rncasurements, because they 
wcie all made by the same investig.itor, are self consistent, show little scatter and because they cover a 



Ik. 1 fmpirieal relationship between /f,, and T,, 


\ V CiRossi ! he Ltcjuut Rcini^c of Mctcth emd sooh oflhcii Pliwiicil Pio/iei lie \ or Hi:;h rempeiotiirec, 
Heport ol The Research Institute ol lemple L'aivcisity Sept ‘>(1960) 

3 V CiROsst, Paper No 21 *>9 4 RS ^ Span r/zg/n Rcpoil to ihe Sonon. N Cit, October 
'I 1*1 (1961) 

\ V (jRossi J Inoii; Nud them 23, 313 139 (1961) 
k UiiMASandb Sadi rsv At o, X u/iof" them 161,^1 7^(1927) 

II IssiR, I Fri IS and W' Bdni.ardi, tick l.is, nhutictni 7,38^ 388 (1934) 

I (ii HtiARDr and G Wokwai., Z A/etul/A . 42, 3‘'8 36t(19Sl) 

< N Bari II 1 1 ) and J A Kikiiimr J lion St /«w , 180, 324 329 (1955) 

' t AVAitlR, Ihe Physical C hemisli v of MeUclhc Solutions and Jiilcimehil/ir Compounds, Vol II. 
63, c hemic, il Publishing, New Yoik (1960) 




Notes 


ys 

liirtjci iLtiipcrdturc iiiter\al (ot aboiil 400 K) Cv\ \iiiR s iLiij are ^i\eii rii lab/e I iiiid er'nip.trcci 
w il h our pic\ KHis \ allies (sec 7 a hie I ol lefircntc 7) riiciiLM \ iIuls Ui In its as his^li .mil Iheictoic 
our empinsal >.urvc i squires a ie\ ision 

\sktuiorial //,,-slan '' uses! are SKK) foi Ca (/„ tl2^ k) and sWO (or \i,' ( T",, (211 k) 

hoi Sb an iveiape ot C av ilisi s \ line''' anil i \alue I'inm rs'ealeiilalsii Seeonil 1 iL|niJ Melal Hand- 
hoolv s slala was taken 7/, 4()00 /„ 901 K The rest ol the sallies used are islentieal \\i(h 

ihose gisen in Table I of leletenee 1 

Based on ihe new d Ua the empiiieal icl.itionship is siinplitied the log ot //,, is a simple sliaiglit 
line liinetion o( ibe log isl Ts/ as shi'wn in I ig I in eonirast to the old eiiise (see I ig 2 of ie( 1 oi 
Mg I I m red I ) 

I spiessed .dgebraie ills the lelationship is 

h'giii I log,,, /„ 0 U>(i, 

an ei]ins dent 1 1 om is 

//, 0 411 / 

ssherc / i; IS the ilieltiiig point ol the metal in k 

Isnii I Visr,i-.iiS(o\si\Ms //,^ snd i/ or snok sm s v isi i isi rs nji’A i los 
I nosi < s\ SI II H s i>s I s ’ 

/ 1 , >1 m t onsiint u II, ^ Old //,, 

McUil ( k> eP (Pi(> <P I0‘) (eal g a(olJi) sanies"-" 

Cu Its? 4 09 2 58 7410 

Ni 1728 115 1 (.9 12000 

to I7(i8 5 21 t04 10100 

fe 1812 1 84 1 49 10200 

The' siseosils id mn iihitil at am ic m/u laliii e ean thus be ealeiil ilcd bv the use ol the abuse 
equations and in eonjiinetion ss ith the ssell-knossn Andiasic equation (see lels I 2 1 1 for the v iseosily 
ol a melal at its melting point 

It IS obs lous th<it additional espeiimental measuiements ot the siscosily ol metals melting abose 
1000 k and p irlie'ularly those melting abuse 2000 k are highly desirable to (iiithei slieriglhen the 
empirieal b.isis of the relationship 

Our previous estimate of the siseosity ot liquid plutonium'®' requires revision The ness estimated 
value ot 77,, IS 4110 instead of the old value ol 1200 the new estimated v ilue at 2000 K is 1 48 eP, 
instead ot the value ”' I't I 72 eP (see also Table 2 ot ret 1) 

A similar levision has to be made ol the //,, ot the lanthanide metals 

Ackiiou UJi^a iiiitir I he author is gratelul to Mr M Jones ol the M laniisbiirg I aboiatoi les ol Mon- 
santo C’hemieal Company for ilrasvingoui attention to t avaliei's measurements this work was 
supported in part by the U S Atoniie I iiergv Commission uiiiler Coniraet AT(10-I )-2082 

A V CiRossi 

Rescatch hiMiiiile of 
Temple iimci\ii\ 

PhilaiU Ipliia Pa 

'“'A \' CjRossr, d fiioit^' A'i«/ Chem ( 1902) In Piess 


The preparation of by a S/ilard-C halmers reaclion 

( Ret i'll 0 / I 8 Ct tohei 1 9(S I ) 

Maurfr and Rsvivt,"’ and Mt rin and Niiidos'-' leporled the separation ot "''Bi from neutron 
irradiated organo-bismuth compounds by a S/'ilard Chalmers process In both cases earriei bismuth 
was added to aid the isolation of the -'"Bi, consequently no enrichment laetors were quoted The 
enrichment factors obtained m separated ‘ carrier-tree" '"'Bi from irradiated triphcnyl bnmuth and 
tnphenyl bismuth dichloridc have been determined and art reported m this note 

The results show that the highest specific activity '"'Bi was that separated from very pure tnphenyl 
bismuth The yields of ^'"fli were low and somewhat variable 

"’W MAURiRandW Rumm, Z Ph\s 119,602 (1942) 

'-’A N Ml'KIn and V D Nt ffoov, C/uw Ab\ 50, 391 5h ( 1956) 
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tXPFRlMLNTAL 

Inphcnyl bismuth wus dissolved in benzene and the solution evtraeled with wjter to remove 
hydrophilie bismuth impurities The triphenyl bismuth w.is then twiee rcerystulli/ed from benzene 
Iiiphenyl bismuth diehlonde was prepared by a standard method"' and was reeryslallized Irom 
50/‘v0VV ehlorolorm methanol 

The organo-metallie eompounds were sealed in small polythene bags and irradiated in UTPC) at 
Harwell, usually lor 2 hr .it a flux ol 2 lO* neutrons em - see ' Varying the lime of the neutron 
iiradiation between 1 and 24 hi eaused no eleterioration in the perlormanee ol the solsent estraetion 
proecss deseiibcd below 

I ABU I Yll I os AM> tNRirilStI Nl IA<IORS(l I ) HS SOt S I N I 

I \ I RACIION SI I’ARA I IONS 
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49 
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840 
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4M) 
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7 
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1 1 

800 


tl 

16 

80 



e 

41 

270 
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11 

4(K) 



i 

14 

400 




■' I he espei invents weie alsev e ii 

1 led out 

111 presciiec ol 0 8 mg 

ol bismuth 

t.iiiier added 

to the avjtitous exi 

laeling 

phase Reeoveiies I'l 

""Bi weie 

approximately 80 per eent 
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12 
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14 

P8 

27 (low) 

9 
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21 

I(v8 

20 
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21 
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1 he two separation methods used in this woik were solvent estiaelion anel letentuai on i zinc 
Wiluetoi eokimn In the Inst methoel a weigheil poition ol the' iiiavhatevl eompound was dissolved in 
•sii/ene and the solution estraeted hs shaking with one ol vaimus aepieous pli.ises (see below) in a 
'Iv I lie lie a mpoule I wo sueeessive e stiael ions weie e ii l leil out I he .iqueoiis phases vveie eombine'd 
" lekvvashed with benzene and esapv'rated to diyness with a lew diops ol perehloiie leid Hismuth 
as isolated from the residue by iju.int it.itive estiaelion into e irbon teliaeliloride ol the diethvl- 
' ' h loearbam.itc eomples"^ The .imount ol bismuth estiaetevl was llieii dvteiminevi s|>exlrophotO' 
vliieally 1 he earbon teliaehloridc solution of the eomples was ev ipoiated to drviiess and deei'iii- 
svd by mine aeid -"’Hi was then ^f-eounled Ihiough a 7 mgein - ilummium absoiber using a 
iivial I leelrie C ompanv 2B2 (iciger Mullci eounter Hs diieet evuintnig a weighed amount ol the 
ahited sl.irting material the spe'eihe aetoilv ol the -'“Bi pu'diieed eoiild be eompired vviih the 
'he aetivity ol the cm lehed -"’Hi liable l» 1 he at|'ieous phases used foi the solvent cMraelions 

' '•ViiiH, and K Ciaoss, zliin 578 IUi(l9^2) 

I CtiiNt,, R H Uras atid S W Mtisiio -iiiohi Clivin 27 , 24 ( 19 *;^) 
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wctL ( 1 ) distilled water (b) liiithiimim nitialc solution 1 mg/ml, pH -- 3, (e) 2",, ainmoniatal 
disoduini cths leiidi imine ictia aectalc pH 10, (d) 2'’,, potassium iodide pH 4, (c) 
anlinK'n\l potassium tamale pH -- s (I ) 2 ammonium osa late. pH " 7 (g) disodium hydrogen 

phosphate and eitrie aeid biiller pH 6 0 1 he'sc reagents wcie' eluisen bceaiisc it was thought that 

(b) and <e) might aet is noii-isotopie eairiets anti (e) (d) ,md (1) might aet as eoinplexing agents, 
while the Itineiion o\ (g) was piimiiil\ to aet is hiillei 

Rediietk'n se]sarations t 1 ible 2) weie perlormcd Kise-d on the assumption that /me would eleetro- 
ehemieillv icdiitc bismuth speeits m solution and that the bismuth metal so loimed would be 
depositeel ('ll the surfaec of the /me metal \ ben/ene’ solutitm t'f the iriadiatcd bismuth eonipound 
was passed ihuiugh a eolumn ol /me dust ,ind the eohimn then w.ishetl with seveial poitiiuis ol 
ben/tne I he /me was dissobcd m mine .leid and the solution evapt'ialed to dryness The residue 
was dissoleeJ m 0 \1 HC I I mg ol topper e irriei added and then eiiprie sulphide precipitated 

Bismuth was then cstiaeted as the diethyldithioeaibamatc. as presiously deseribed Irom the mised 
top [let -bismuth sol ul ion 

RLSH L rs 

In spite of the \ari ible yields anel emiehmcnts obtained the best method diseoyeietl ol prtpaiing 
eniiehcd -‘"Hi was tu'm irradiated pine liipheiiyl bismuth using as at|ueoiis extraelant ammoniacal 
2"„ disodium ethyleiidiamme tetra-aeet.ite 

D S P( ippi I yy n L 
av t 

■iroiiiK Hi.ym/o s // I \liihh'.hmi iif, 

4l(h urhi\toii Rtik\ 


Homogeneous precipifafion and X-ra> diffraction studies of urea uranatc 


(«.<<’/!((/ I2yt(/v 1962) 


Gt NHL I fyi 1 Ls and Coli opy " tirsi repoitcd that urea uranale (H.O UO,2urca) m ly be obtained 
by simple addiiu'n tif <immonium hydittxiele to the water stilulion ol uranyl nitrate and urea The 
juthi'rs also rept'rtetl the X-rav data ol poyyder photognphs without, hoyveyer, allempimg to index 
the reflections More detailed sitidies ol reactions in the system H.,0 - NIHOH l'0..(N0|)> 
NHjCONHj were made hv some ol iis''^' by means ol pe'lentie'meli ic titrations 

We now report that urea uranale m ly be obtained also by homogeneous preeipiiaiion from the 
system H/) — NH,OH — I 0_(N0,|, -NH.CONH. Sueh a metht'd ol preeipnating uiamum- 
bearing CeimpoLinds has been picviotisly reported by Htrmans''’' He did not identily the pioducts as 
urea uranale, but as a nonsioichiomctric eompoiind eontaining I t'l urea .ind 9“,, of NHiHCO, 
Our applied preeipiiaiion eondilnsns y\crc similar to thessc employed by Hermans execpl that the 
uranium concenlratiem was about 50 per cent higher and no execss ot nitrate was added 

The chemical analyses hayc shoxen the composition close to that expected It'r urea uranale 
HjlJOi fNHjCONH I The analytical procedure was the same as already described 

The preliminary X-ray idcnlthcatit'ii was done by means ot a 57 3 mm diameter camera and CoK 
radiation The data from X-rav powder patterns are shown in T able 1 For comparison, d^ta for the 
samples precipitated at room temperature arc included 

Further powder photographs of the samples obtained by homogeneous precipitation were taken 
with a camera of 57 3 mm diameter and CuK-/ radiation The diffraction patterns checked in the range 
(-) 0-20 with the Siemens fnterferenz Goniometer It was possible to index all the reflections on 

the basis of an orthorhombic cell with the following dimensions a 1 7:^ k, h 10 12 A, r 
12 10 A The unit cell has a volume of 897 6 A’ and the theoretical density is 3 14 g/cm^, assuming 
four formula units per cell This is in good agreement with the observed pycnometnc density 
3 10 g/cm^ The visually-estimated intensities of the diffraction lines, and the measured and calcu- 
lated sin“<-) values are given in Table 2, together with the reflection indices The conditions limiting 
all reflections are (04/), k I In, (HOI), ! h 2n h 2n, (/lOO), h 2/i, (040), A 2/i, 
(00/), / 2/7, the space group is consequently Pnna The general position of Pnna D", is 

eight-fold and there arc four sets of four-fold positions As there are only four U atoms in the cell, 

P S Gintiif, L H Taiify, T J CoLioPY.y //inrg !Vucl Chem 10, 110 (1958) 

W Dfmbinsm, A ObPTiJLA Nukleonika. T, 325 (\962) 

VT E Hfrmans, Proc Second Ceneva Conf Peaceful Uses of Atomic Energy, paper 552 (1958) 
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Tabi fc 

1 -Thf r/,„, 

URANAIF 

(A) VALUfcS FROM IHF URFA 
POWDl-R PATILRNS 



Tabi e 2 





Gfnml’s 

rf ) t 1 

l/i« 

hkl 

sm* (obs) 

sin“ (cal) 

l/M 

exp 4'“ 

exp 6' ' 

Uctul 

d l/li. 

vs 

on 

0098 

0098 
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- - 

- -- 

m 

002 

0162 

0162 

7 78, 

7 76,, 

7 84,, 

7 76 100 

s 

020 

0231 

0272 


— 

- 

7 75 lOd 

w 

022 

0795 

0794 

6 09 

6 02 

6 09 

6 07 15 

w 

017 

0424 

0427 

5 10 

5 08, 

5 15, 

5 08 40 

m 

200 

0449 

0446 

t 90 

7 90 

7 92 

7 91 10 

s 

211 

0548 

0548 

7 72 

7 75 

7 79 

779 15 

s 

071 

0560 

0562 

7 66 

7 65 

7 66 

7 66 15 

u 

202 

0610 

0608 

7 50 

3 50 

7 50 

7 52 iOd 

w 

220 

0680 

0678 

7 70j 

1 -7 70, 

7 70,, 

7 70 50d 

V vw 
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0847 

0840 



— 

7 19 IOd 

V w 

217 

0872 
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7 12 

7 11 

7 12 

7 14 IOd 

m 
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0925 

0928 

2 97 

2 96 

2 97 

2 97 15 

vw 

271 

1010 

1008 






n 1 s 
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1 ACi/S 
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1 Uo / 

lUvU 

7 

first intensity, d diffusion 

vvv 

707 

1767 

1767 

s 

second tnlcnsily, 


vvw 

051 

1492 

1491 


ihird intcnsiiy lines 


vwv 

175 

1 649 

1646 

(a 1 homogeneous 

precipitated (analysis 1' 

vw 

400 

P82 

1782 

56 01, 

N, 17 17, 110 4 47"„ 

hxpeeted 1', 

ni 

411 

18''9 

1881 

76 12 

N 17 21 , H ,6 4 25",,) 


vvw 

157 

1926 

1926 

(b) piceipitated at room temperature by slow 

vwv 

705 

2016 

2016 

addition ol 1 68 N 

ainmt>imin) 

hydroxide to a 

\ w 

422 

2179 

2177 

water solution eont.iininc 91 1 g I'/l and 68 95 g 

vwv 

414 

24X9 

2489 

L'tea/ 1 

(analysts 1', 55 98, N, 

, 17 10, H,(), 

vwv 

501 

2828 

2X26 

4 64",,) 




\\ 

171 

2994 

2994 

(e) as above lb) hut uiea coneeiilralion in the 

n\ 

406 

7242 

7241 

starling 

solution 184 68 g L'iea/1 

(analysis L', 

wv 

476 

7762 

7767 

56 28 ' 

N 12 92, H, 

, 0 . 4 67"„) 


vwv 

612 

4270 

4270 





V V w 

456 

4690 
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llxy must lie on loiir-loM position'' I aking into .lecoiint only the slroiiai.i iLllcetions, the follow 1115 
uldiliiin.il limitint; eoiidilions iie t>bl lined (/lA/l h k / In h 2 ii k I 2 ii this 
indie.iles that the iiianiuin atoms lie at t position with the point ssnimcliv I or !!-(\V\ekolf notatum o 
h or r) 

ic k 11(111 h J‘^'ciih Ills., I he aiilliois u isli to I hank Mhs / S/\nn Irom the I net it tile of Niiele ir Reee'aieh, 
VVaisaw and Mr A I i<ii\m Iriuii (o/e( Stef.in Insiiiule Lpihlj.ina foi piepiiint; the \-iav 
jviltei ns 

VV DreiHiNski* 

JiisliUiU nf uf W/r/i'ni Hismidi, H di sou ^ Drpit 1 ^ 

SiKkdi tiisruiirc Jazif Shfnn , ! jiihlj(in,i VoL^eeiK 

* Ihidei the IAEA lellouship at Ntiele 11 Institute ‘Jo 2 ct Stef 111 1 pihljana 


New polymeric sulphur nitrides 

( ficdirti/ ') ()< Idlh’i l‘^62, in >ci isi’,1 Jciiii 2S >.(11 1 iiihfi 19(0) 

I ROM scteial tiiisiitecssful atte'tnpis to piepaie the douhic iing eompound bis-!ie'ptasiilphur imidel h\ 

' ts reaetion 

Hj;(S-N), 1 , ‘llglj t fS-N), 

have obtained instead a mixture o( sulpliur-nilrogen polvmers 

Itis-heptasulphur imtdo mercury was prepareet from M*) pet cent pure heptasiilphur imide b\ a 
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published methosi ll u.is lunscvcr, filtered under nitre'gen ee^shed veilh dnh)'dreHis niethdne)l und 
diied quieklv in u sire.im of nitrogen in phie'C of the pioecdiiic deseiibe'el in this rclcicnee In the 
most tiillv invcstignled tun I ^2 m mole ol the meieiiiy compound was suspended in 5 ml of pine 
e.trbon disulphide imdei iiiti open 1 92 m mole ol iodine in 10 ml ol the same solvent was added at 0" 
w iih shaking 7 he iodine ei dour disappeaied and I 80 m mole ol meieuiy (1 1 ) iodide was pieeipitated 
7 he oiange-red solution was ei'neentrated and pul ihiemgh a column ol ehiomatogiaphie sihea gel 
27 i.m 1 ^ em eluting with eaihon disulphide The eluted substanees consisted ol polymer W, 
liom 100 to about 0 hO, total weight O'JlIgni and tetrasiilphiit tetiamtiide in two portions, 
0 01 (i m mole .it A’, 0 6 and 0 011 m mede at A 0 14 1 heie was also 0 22 m mole of hepta- 
sulphui imide at A’, 0 15 this inav base come lioiii the hydiolvsis dm mg subsequent handling, of 

a little unieaeted bis-heptasulphui imido meieiiis (SiN, and S Nil were identified and quantitatively 
determined bv IR ) 

I he pol\ tiler was a red li ansp iieiit, s iseous liquid with the eonsistenev of soft pitch uii.tllectcd by 
air or water Ml ti actions had mol vet between 2400 and 1400 (bv lowering ol the vapour pi css lire of 
carbon disulphide) The liaetions with A near I eompiised the bulk ol the material, and had the 
empirical ci'mposition Si„N Then onl) IR absoi ptions between 2 5 and I 5, ii wcic overlapping bands 
at 12 9 (sttong) and 12 4 and 11 5 u (medium) The liaetions with A, 0 7 had the cmpiiieal 
eomposiiion S, , ..N and the same three I R .ihsoipliims, but with the I 2 9 /i band about hall as strong 
Most ol the polvmei maleiial was estremelv soluble in eaibon disulphide but almost insoluble in 
other eommoti solvents The Iras tion w iih A, I lot inst.inee h id solubility 214 g/lOO g carbon 
disulphide In 94 mole pei eeiil eaibon disulphide A mole pet cent carbon tetrachloride the solubility 
was otilv about 7 g/IOOg si'lveiu 

1 htee mouths after pteparaiioii ei vsi.ils ol ihombie sulphur hail formed m the pol^mci especially 
in the Itaetioiis A, 0 60 0 79 Tlic avetage mol vvt ol the Iraction A, 0 79 had l.illcn from 2600 
to 1 100 The IR was lilt'e changed 

The polvnier m.iv have origin. tied from decomposition ol S-N radicals, which weie piobably the 
primary leaction pioduet an S N ladieal might well be able to attack another S-N ting at any point 
Alteinativelv the elotiblc ring compound mav b tve formed .md then decomposed , this compound is 
likely to be much less stable than heptasu'phur imidc since the canonical lot ms with ehaiged nitrogen, 
which contiibuie to the cor.sider.iblc resonance stabtli7ation of the imide''"’, ate lorbidden in the 
double ring compound bv the ael)acent charge rule The breakdown of either or both ol these sub- 
stances could give rise to cevniples structures with sulphur chains ol varuHis lengths, linked and 
cross-linked through uiirogen atoms and perhaps terminated by S-N rings and also to the tetra- 
sulphur tetramtridc found The fraction of the latter with A, - - 0 6 must have been foimeei during 
elution by the decomposition ol some compound with A, -- i 

The three IR bands ol the polvmcr arc probably all siiciching modes ol S N bonds m dilTeicnt 
environments 

We hope to learn more about the struetuic ol the polymer from espenments now in piogress on 
controlled hydrogenoivsis 

C henusnv Depen liiH'i't J BitKliY 

Queen s Unieersily, Beljast H ti Ht M 

\ Mfuvvsfs and F Schlossn w.i t , zf anon; C/ieiii 271, 226 (1951) 

M (jofhrim’. En’ehniwe amt Pioltleou (/. / Clieime ikt Silinelikln ksto/fm l>imhan;eii p 58 

Akademie Berlin (1957) 


Ihc reaction of gallium dichloridc with water and hydrogen sulphide 

( Recdi ed 5 Dee e inhei 1962) 

The h\'dtol\sis piodial of pallium duhtoude 

It has previously been reported"’ that solutions of gallium dihalidcs in ben/cnc arc very prone to 
attack by even minute traces ol moisture, a brown hydrolysis product is first precipitated and, il 
more than a trace of water is present, the brown precipitate reduces the evccss water to hydrogen 

S M Au, F M Brfwfr, J CliAOWirK and G Garion, ,/ //imp Nuet C hem 9, 124 (1959) 
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The tlflinily for vvjtcr js so great that the hydrolysis product is precipitated rather than the coordina- 
tion complex il a ligand solution containing a trace ot water is added to a ben/ene solution of a 
ijalliLiin dihalidc 

Investigation of the brewn hydrolysis product of gallium dichloride has yielded some information, 
although the exact nature of the compound is still uncertain 

I’ll /XII cilioti of !hi‘ blown Inxiiol) sis /iiodiitl oj "tilliiim iliililoiidi 

The hydrolysis product was precipitated by adding undned bcn/cnc to a solution of gallium 
dichlondc in dry bcn/cnc under a nitrogen atmosphere as dcsciibed lor the preparation of Cja^Cl, 
complexes in a previous communication^'’ the brown precipitate was fdtered, washed \>iih dry 
bcn/cne, diied in a current ot dry nitrogen and left overnight in a vacuum dcsiccatttr to remove the 
last traces ot ben/ene 

Ouanlitative analysts ot the powder showed a Ga Cl ratio ol 1 1 (Anal found Cja 52 91 Cl, 
27 5 Cia Cl II 02) (1 he substance contained no carbon ) I he mean valency of the gallium in 
the compound was shown to be 2, by reaction with acidified standard potassium permanganate 

When the brown hydrolysis product vvas heated to .iboiit 100 C under reduced pressure ( 10 ' mm 
Hg) water was evolved and the colour of the powdei changed Irom brown to creamy white Analvsis 
ol the white powder again showed a 1 I Cia C 1 ratio and the mean valency ot the gallium was again 
shown to be 2 the weight loss alter evolution of the gas indicated the removal of half a molecu'e ol 
wale I pel ttallium atom 

(.aCIXlH/) (laCIX fH-O 

(vvhete X the residue after csiimaiion of Cia, C 1 and readily removable H.O) 

I he analyses ol Ihe blown hydiolysis product and its white derivative can be explained only by 
.issuming that the residue X is (), (9H or If.O, of which only OH satisfies the valency requirement 
Ihe analyses lor the two compounds aie 


(laCKOH) JH/O CiaCKOH) 



1 heoi V ( 

) round ( '’„) 


1 hcoiy ( 

1 ound ( 

Cia 

54 1 

82 95 

Cl.! 

57 1 

57 4 

C’l 

27 1 

27 5 

Cl 

29 0 

29 15 

OH ll.C)* 

19 8 

19 1) 

OH* 

n 9 

14 5 


* Hy ditlercnce 

No solvent w.ts loiind which would dissolve cither *'l these compounds without dc'composing 
ihcm thcrelore no cbnducliv ity oi cryoscopic measurements could be made 

///(' lliiolnilioli SIS /iioilixt of oalliiiin ilnhloiiiti 

\ white precipitate was formed by passing dry IHS into a solution of gallium dichlondc in ben/ene 
I here vvas no cv olution of hydrogen and no brow n hvdrolysis product w as tormed 1 he precipitate 
\as collected and washed with dry bcn/cnc, excess ben/ene was then removed bv a stieam ot dry 
lutiogcn and last traces m i ai no 

\nalysis of the precipitate showed it 'o have the composition GaCIV (wlicie \ S SH cvr H.S 
' I w Inch only SH appears likely) I Anal f oiiiid Ga, 50 5 C'l, 2‘' 2 S 2M"„ GaClSH requires Ga 
0 4 Cl 25 6, S 2)2"„) S vv.is determined as HaSG, after oxidation with fuming nitric acid 
I he compound was strongly reducing A knovv,i weight ol the substance was added to an excess 
' I acidihed standard iodine solution Sulphur was precipitaicd by oxidation ol sulphide ion there- 
ic the mixture was shaken (oi some time to ensure complete reaction I xccss ukIiiic was back- 
' iivd with standaid sodium thiosulphate solution 2 92 equivalents ot iodine were reduced per g 
I ol (la 111 the compound Deducting 2 equivalents tor oxidation ol sulphide ion (S I . ' S ^ 

1 0 92 cquiyalents of iodine vveic lediiced per Cut atom The mean valency of Cia in the com- 
ul vvas 2 08 i c 2 allowing lor slight oxidation on handling 

< ivosct'pic or conductivity measurements were not made hec.iuse igam no suitable solvent 
' 1 be found 
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nisci'SsioN 

W ithout the bcnclil ol soscojik or tonductis iiv me isurcnn.nts, any discussion of the structure 
of these compounds must he hxpothclical Hov\c\cr. it appears reasonable to assume that the thio- 
hidiolysis pioduct OaCiV and the uhitc dcricalne of the hydrolysis pioduci, fiaC IX possess 
similar sirustuies 

The mean salsiisy ilcterminations slcmonstiatc that both compounds contain equal nunibcis of 
Cijl 1) and C)a(Ill) atoms It is possible that thesu eompounds hate siruelurcs based on the structure 
of the parent compound ^aliiiiin dichloride w ilh dissiete anions and cations <ia(I| andGa(lll)Ch 
(\ or V ); hut thev could also contain poKmciic aimms 

CcRisioN cl III' ' have ispoiled a sshitc prcsipitatc dhich is toimcil by the action ol H.S on 
pallium dihahdes rhese .iiuhois usic liouctei unable to obtain precipitates ol constant coni- 
posiiRin Ihcv implv that then results indic.itc the (orniatioii ol an entirely mcmovalcnt gallium 
conipouiid hut ssc suggest thit a mised-salcncc ci'mpound analoitous to the hydrolysis product is 
actually lormcil 

rJic Inorganic (/iiiiii\in Icihpin/on 1- M BKrvviK 

Oxfout J R CiiAnssirk* 

Cl ClAKIONf 

* Ni>u at Noilhampton College ol \ebanccd leehncrlotty. Londi'ii 

I Now at the Clarendon laheiraltuy Oxloid 

R C CsRisioN, 1 ( ■Kiswoi o and ) KuisBRRt. / -iiiH’! (him Sm 80, lsCs|l‘)5S) 


Reactions of Hf I and Ht with Ga2Cl4 

( Ri‘Cc II L\l \ii Ol liihc’i 1062 III II i Ill’ll fiiiiii ^ Dcic'iiiIh’i 1962 ) 

AithouciU many complex halides of the type M„CAX„) , whctc VI is i metal ion and X a halogen 
base been dcseribcd preciously icports concerning the coi responding complcK acids H„{AX„),aic 
considerably fcwc’i 1 he existence ot a complex acid in solution has oltcn been infcried trom physical 
or chemical data Moreover complex acids have been proposed as intcriiicehales in icactions such 
as the Fricdcl-Crafts teaction 

In a study ot the disii ihutioii ol gallium tiichloridc between ether ami aqueous hydroehloiic 
.leid s iluiions N vc ii rRim and f r' xi i l ' re polled the piesenee of HCjaC I, in I he ethereal phase 
WiBCRCi. S( iiMilii and CixiimiS-' stihscquenily isolated complex halogen acids ol the type HMX, 
2 R 2 O whcie M M, Ga, In T1 and X Cl Br Reeentlv G xlinus' ' lepoiled the prepaialion ol 
etheraied mixed halexgcn aeids ol Ciroup IIB and IIIB metals 

Althoui;h an extensive seiics of stable complex gallic tluorides is known" the eor/espomling 
complex acid H,Gab, has no' presiouslv hecMi described 

In the present work hexallaogallie and dioxanated tetiaehlorogallie acids have been isolated as 
white erysialhne powders 

Piepaialioii of icai^fiili 

Gallium (I) tctrachlorogallalc (III) (gallium diehluruie) was prepared''" and dioxan was dried 
by the methods previously eieserited 

N H NAtinRiiB and R T [-itvxtii / 4mei Clitm Soc 71,4035(1949) 

'-’I W'lHLRc,, M SctiMiDi and A G Cjai inos Ani;cw Chew 66.443(1954) 

'■*’ A G Cjalinos, y Anur ( hem Soc 82, 3{)32 { 1 960) 

O HANNtuotiN and W Ki fmm, ,1? anori^ Chem 229, 341 (1936) 

‘"W Puc.H, y Chem Soc 1046 (1937) 

W PuoH, y Chem Soc 1959(1937) 
fc hiNFC KF, Chem 55,40 0 942) 

G Garton and H M PovvFii.y /non,' Nucl Chem 4,84 0957) 

S M Ali, P M Brfwfr, J Chadwick and G Garton, y /non,' Nud Chem 9, 124 (1959) 
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Keattion of i>alhiim (/) tenacliloios^allcile (III) with h\Jiom’n chlondc 

Dry hydrogen chloride was passed through a solution of gallium (I) letraehlorogallate in diosan 
Hydrogen w-as evolved and after about 10 min the solution separated into two layers With further 
passage of hydrogen thioride, the volume of the denser phase increased until the two layers suddenly 
merged to form a homogeneous solution, which, although showing no further visible change eon- 
liiiued to absoib hydrogen chloride Dry, oxvgen-free nitrogen was passed through this solution to 
icmove excess hydrogen chloride, when an equally sudden rcdivision into two layers occurred Neither 
of the two liquid phases showed the strong reducing properties eharaeteristie of gallium ( 1 } 

I'xciiiiiiuilion oj llu li^ht pha\c 

I vaporation o( this liquid under reduced pressure yielded very deliquescent crystals of CiaCl 3 2 
dios (diox 1 ,4-dioxan) (Anal hound (ja, 19 8 f 1, W t C}aC Ij 2 dio\ requires Ga, 19 8 Cl, 
H)2"„) 

/ Miniinalhiii oj llu (knsc phase 

Nitrogen was passed through the liquid for several hours, after which the deliquescent white solid 
IRraCI, f diox was deposited, this was fihcietl »)IT washed with dry clher and the excess solvent 
removed I od/o (Anal found Cia, 14 6 (1,29 7 HGaCIi 7 dio\ requires (ja, 14 6 , Cl 29 7"„y 

in p 127 dee 

/ sliiiialHin of the /i\tli(>peri eiahed 

The hydrogen evolved during reaelicm of H('l gas w it h a knov' n weight t'f gallium ( I) tel raehloro- 
gallate, was determined qviainitalively as H/) Dupheatc determinations were earned out Results 
Weight H 3 O found (1) 0 0450 (11) 0 0467 g Weight H.O ealeiilated for the oxidation of Cjatl) to 
(lUni), 0 0462 g 
NII|(j.iCl, Oioxaii 

A sedution of tcti achkirogallie acid m diovan was treated with a dioxan solution of ammonium 
ihiotyanalc, when .a while preeipiiate was immediately tormed This was washed bv decantation 
wnh dry dioxan and excess solvent removed in ituiio < \nal found N, 4 5 C»a, 21 8 C'l, 44 4 
NH,CjaCI< diox requires N, 4 7, Cia, 22 0, (1,44 7",,) 

On heating the compound lost dioxan at 120 ('and suhscqucmly melted m the range 275-285 C 
which IS somewhat lower than the melting point <>l 705 ( reeoided bv 1 Riiuxivss. and Talhi ''’' 
NH,(ia('l, Diox was also precipitated bv mixing dioxan solutions ol gallium (1) teirachloro- 
gallatc and ammonium thioeyanaic 

Ricution of i^a/liiini (/) leitacliloioi;allaie (///f wuh h\ili<n!<n (liioiuk 

When dry hydrogen fluoride was passed into a diosan solution of gallium (1) letraehlorogallate 
I’.vdiogen was evolsod and a line svhite precipitate of ()ah,dio\ was immediately lormed ( \nal 
liuind (la, .72 3, P, 26 7 (jal , diox requites Ga 72 s H 26 7'’, ) 

I his compound was thermally stable up to 700 t but at hii^her tempeiaturcs "axe oil dioxan and 
ihen remained apparently unchanged up to bright revi heat The residue vt.is GaFj (Anal found Ga, 
749 b,44f), Gafa requires (sa 55 0, P 45 0",,) 

I he liquid remaining after prceipitatiem i>f (lal , diox was treated u iih ,111 equal volume ot dii tin 1 
vlher to give a dense white precipitate of H-iGab, (Anal l<'und Ga 77 6 P 60 8 H ,Gnl , requires 
Ga 77 7^ ) 61 1”„ ) 

liiahiKol methods 

Determinations of gallium and fluoride m the compounds containing these elements were carried 
"It by a method described previously"" Nitrogen vvasvietermmed bv k.|e’ldahl s method and chloride 
' V Volhard’s method 

" '(10 00/1 

(lalhum (1) tetraehlorogallate (111), (3a'(Ga"'Cl3) dissolves m dry dioxvin to give C.,\(dio\)p 
' < I, , which has been described previously"" Hydrogen chloride dissolves in drv ethers to form 

II 1 FRiinMANanelH Tauiu J Amei C hem Aor 72. 2276 (1950) 

I M BRiwfR, (j Garton and D M 1 Gwix.amf,/ /iiuig Nin/ Chem 9.76 (1959) 
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Noles 


lilt c Hjcsp '/klnii; o\.iniLirii i.t>Mipiuiiu1s Thus solulions of (j.i((iaC I,) and hydroiien chloride in 
ill V diov 111 piobablv i on lain llic dio\<iiiali d ions iir lon-paii s 

(dio\) H (I (dio\).(ia (I) 

rhe separation ol the diosan solution into two phases icscnihlcs in this icspoct conccntiaicd 
solutions ol the c impounds NI1,MC I, (M l\ iVI Cia) and lithium tctiachloiogallate in cthci"-’ 
and o( ^’alluini (I) tcti ichli'i ogallatc (III) in bcn/ciic The diosan.itcd complex aeid HtCiaCT,) diox 
scpirates Intel the deiisei phase I he Ircc gallium (I) ion m the li[;htcr jihase leeltices the excess 
hydiogcn ions thus 

(ra 211 C,a II. (2) 

I he ejuantilatie e determination ed the livdiogeii eceilved shoveed that icaction (2) was indeed 
t>iking place and that all ol the morunaleiii gallium was eixitli/eel to the troalciu slate The isolation 
ol the compound (lat I, 2 dieix Irom the dioxan seilutmii conliinis this 

Hexallu<>gallic acid prepaied as describeel dillcis lioni lluisc dcseiibe'd by VViiuiti. c/ a! in 
liaiiiit; lie' cO'Otdinaiid elliei molecules I he eeiiiipoiind H,\ll , was leporletl b\’ Tan.iiiacv only 
as til- and hexahvdiaies' ' " 

It IS ne'l suiprisint; that the aetie'ii ol hydiogen nuoiide on solutions ol gallium (1) letrachloro- 
gallaie Mc'lds a complex acid containing the ((lal ,)' ion and not the (Cial ,) ion Wheicas many 
conij'lexis ol the ivpe M ,Knil , ) ha\c heeii deseiibed'' *' no eomplexes ol llic type MlCiaT ), iinolviiig 
disc tele (Gal ,) ions have been reported I oi example, N H .Cjal', is isomoi photis w ilh NH ,Air,‘ 
and has a si I uclu I c lie I cm each g ill Him atom is sui loiineicd by an oetaliedi cm ol six nuorine atoms 

! he lnor’uiiu Clmimtii lahouitoii b M Burwin 

0\loi(l J R C HAIIVVII Ic* 

(j Gxkion'i 
D M L GooikiAmi J 

* Now at Northampton College ol Adyaiiced Tcchinilogy Londein 
I Now at the Clarendon I iboialory OxIortI 
i Now at Imperiil College London 

H 1 f Rii iivf \x and 11 IvcHt J Xiiui dniii So< 72,1162(19x0) 

•' I TaxanaLV / 0(H (hem Mosom 8, 1120(1918) 


Preparation and properties of aluminum phosphide 

( Kcct n eJ 2H Si ptunhe} 1962 m imsed jonit 12 Dicc'iiiIhi 1962) 

Tkf PKtPARArtON of various aluminum phosphides was reported early from the leaelion ol the clc- 
ments'' Latet, Whiii and Busiitv lound AlP to be the only compound lormcd in the Al-B system 
AlP has been prepared by Auu wu wo' " by the icplaccinem of Al with ^iijP^ 

Most of the AlP used in these studies was prepared by the replacement reaction which yields a 
powdered product The purity ol the product was increased to belter than 99 per cent by lesublima- 
t)on ol ZOjP supplied by Lisher Seientilte Company at 900 950 C and by vacuum heating the alumi- 
num 

All X-iay diflraetmn studies were earned out cm a Cicnetal I leelnc XRl)-5 unit with speelio- 
goniomcler using hitered CuK,, ladiation 

Calorimetric studies were earned out using an oxygen btinib ealoi micler Since data are not avail- 
able for the combustion products, ce|Udl molar mixtures of akimintiin powder and red phosphorus 
were bred under the same conditions as the AlP samples The heat of lot mation of AlP was calculated 
by subtracting the heat of combustion of AlP fiom the heat ol combustion ol the mixture thereby 
eliminating the need for product identification 

F WonitR Pwgg umi IJ, 160 0872). L Frank Chem Z'/g 22,217(1898), L Moslk and A 

Bruhi, Z anori^ alli^em (hem 121,71 (1922) 

W L Whitf and A H Busm v J Amer C hem Soe 66, 1666(1944) 

A Adoamiano, Acia ( ryst 13, 505 (I960) 
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RcmiIIS tliul (/iSfHSJKW 

All* slowly undergoes air hydrolysis to lorm c(-Al_C>, and 1*11, The freshly prepared material is 
pea gieen in eoloiir The eolour changes to greyish white as the hydrolysis continues The density of 
the powder was found to be 2 40 0 01 g/em' using diiionyl phthalale as the pyenometne fluid 

while a density of 2 16 g/ein' was calealated Irom X-ray data 

All* reacts with wsiter and dilute alkali solution with the slow evolution of f*H , while the evolution 
oceuis with explosive violence with dilute mineral acids At temperatures of 700 C and above, All* 
leaets with puie oxygen to lornt orthorhombic AlPO, AlP is thermally stable m an inert atmosphere 
up to about 1 100 C Above 1200 C', it decomposes tii phosphoius and probably aluminum since no 
lower phosphides were observed 

rile ervstal sirueturc o( AlP is (aee-eenlered cubic (/me blende type) with the cell parameter «„ 

5 467 0 002 A as obtained by a least squares cxiiapolalion ol the lunetion (cos* l/}/0 (cos* (/)/ 

sill 0 Addaiiiiaiio has reported a value of 5 451 0 004 A 1 he line intensities in the X-ray pow- 

der pallet 11 observed m this woi k aie in good agieeinenl with those ol Addiaiiiiano I he interatomic 
distances as ealeulalcd Irom these elata are 2 467 A loi Al-P and 1 X70 A for A1 Al 

I he caloi iine'trie studies lesulted in a value ol 20 2 keaf'mole for the heat of lormaiion ol 

All* al 25 C 

ini'iif I his woik was suppoited bv a grant Irom lexas Insliuments Incorporated 
Dallas Texas 

l)(p<ii liiH'iit of ( hcini\ln C C West.* 

< oloKiilo Slale L'luici \i/\ \1 Zxiii t Reniii's 

loll ( olliio, (o/oitii/o i to H SpiNVRi 

* Piescnl addless De pai tmeiit ol C'heniistiy I 'iiivei sitv ol K.msas 1 awrenee Kansas 
T Piesent address Peshawar I’liiveisitv Peshawar Pakistan 

^ Piesent addiess Depai tiiieiit ol C hcinistry L'liiveisitv ol Missotii i Columbia Missouri 
"I J n W USOV and D P Kiin,/>/o< Pin-, So, 57 , )(<() 1 1945) 
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BOOK REVIEWS 


Mi'itroU tis, 1*1 ix cedim^s of an lulu national S\ntp<niiiin held in rncsle, June 1959 tditcd by 
H 1*1 sf I 5()0 pp Perj^amon Press, Oxford, 1962 Price lCX)s 

I III 11 MiM V noM to publish the proceedings of specialist conferences is one which appears to be in- 
cicasinyly ddlicult to resist Such publications arc sometimes justifiable but the present volume 
Miilales most of the eritcri.i which distinguish a satisfactory report of an International Symposium 
R ipidilv of puhlicalion IS essential since reports loose much of their value of publication if unduly 
delavcd lechim|ucs <ire well established for publishing the papers either simultaneeiusly with the 
eonterence, (e g Proceedings of the Sixth International Symposium on Coordination Chemistry) or 
w iilun a few months of its completion, (e g C heinieal Society Symposia haraday Society Discussions 
etc) vet this eonferenee on 1 lee t ro Ivle s was held ovei 2 yeais ago Asa result some of the papers have, 
in the mean tune been icpublished elsewhere 

\gain |iuhheation may be |iistitie'd if the leelures and the discussions arising out of them are 
reporteel in a uniform style I his book contains no discussion and the manusenpls of the ^2 lectures 
ccuiKI piesumably, li.ive been available in June 1959 Ilie ircjlineni vanes from extended abstracts 
(4 pages) to comprehensive aitieles (27 pages) and the (e>pics vary Irvuii reviews to v'riginal research 
paptis Iwenty-lwo of the papers are in I nglish six in Italian three in Cierman and one in Trench 
Sevcial ol the papers by F iiiopean scientists aie m 1 nglish and the value of the hoe>k to many readers 
would have’ been enhanced it the papcis m Italian had also been translated The general evcellence 
of tlie language in those articles winch have been tianslaled makes the occasional I ipse mine notice- 
ible and unfoi lunate phiases such as a weighed several giam sample ' and measurements with 
second class eleetiodes ’ shviuld not have slipped passed the [ ditor 

A third leason lor publishing pioeccdmgs is to bring an unfamiliar suh)ect ol rapidly growing 
impvirlance aiul applieabililv to a wider circle <9 readers than lliose who altended the conference 
fins Symposium was held to eelebiate tite centenary ol the birth of Ariheniiis and whilst it is true 
th.it the eminence (i| m.iny of the eontiibutois will lightly commend the book to the'se interested 
’|ieci(ie.illy 111 aejiieous electrolyte solutions it is also tiiie that the s ime gu'und has been covered bv 
inoie than one volume in leecnt yeais 1 he price is far highei than that v'f manv specialist minie'gtaphs 
of similar length and this luithei icdiiecs the attractiveness ol the book 

It is not possible in .i sboi t icview to list the titles >>1 all the p.ipei s picsenleil or to cKv ji slice to 
iheii eonteiils, but some indication ol (he i.ingo ipialilv and aulluvnl.ilivencss of the Svmpi'sium can 
he g lined by menlipning the names ol some v'l the .uilhois these include Xceaseiii.i Dehve lieen 
I i| ins 1 alkeiihagen I uoss (lUggenheim Jan/ I ange Ons,igei RobinscMi Shedlovskv and Stokes 

N V (iRI I ’SVMXID 


I II Ks.o\ Gas t hronutography, Meilnien I oiulevii 1962 V 126 pp, 15s 

( ovDi NsxrioN ol the esscnli.il le.iluies emeiging liom the mtisliiooming liler.iuiie ol Cj.is t hrom ito- 
eiaphy mtei the poeket-si/esl formal ol the Methuen Monogriph Sei ICS icvjuues the oxeleise ol 
eonsKleiable |udgenienl and diseietion To supplement the text vsith the pcisonal hints ,ind aeeumu- 
I lied expel icnee of .i Ic ider ol progressive teehme|ues in this subject and to emph.isi/e the eharaeici- 
islies ol capillary columns anet lom/.ition dcleelors presents a t.isk vuily to be iinderlakeii bv an 
inihusi.ist With this well illustrated book the aullu'r sueeceds in ,dl his aims 

A short introductory chapter se tns the history development anil scope of g.is ehrom.itogr iphv 
( h.ipler 2 introduces the reader to the iheoiy of the process and guides him is lai as high [scrlormance 
."lumn theory and the ctju.itions ol Gol.iy and Van Oeemlei C h.ipter 5 presents pr.ietical dct.iils 
’1 column design and the sclcelion of suit ible supports and liquid phases This section is no mere 
italoguc of m.ilcnals and chemicals hut came' the hall-mark of thc,iuthor s vv idcexpcricnce througli- 
'it I he newcomer to the subjeet will make fevv criop* if he adhcies to the .idviec given heie The 
■llowing chapter on detectors is a mastei piece of eonipiession .ind includes details of the construction 
I ill types of deteeVors, their mode of action, special tielels of use and limitations Only the thermistor 
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icceivts scaiil .Ulcntion hut in Lonipeiis lUon the kaiharomelLi is \ery iidequ.itcly coveiei.1 A selec- 
tion ol snnable designs of some ol the ancillary equipment, e c How meters, thermostats injection 
systems etc eommonlv used is giseii m C haplir 3 which is lollowed hy a consider ition ol temperature 
piogramming and piepaiatoe scale methods A short ecsneluding chapter contains an account ol 
the document ilion ol gas chiom.itography A list of svmhoK used and an adequate index is included 
Dt kno\ can he congr.itiiLitcd on this book a most wcirthy addition to a distinguished series 
It shtnild rc.ich a wide piihlic It is mote th.m .uicquatc lor the Honouis sludciit and well within his 
lin.ancial reach 1 he analyst will hcnelit trenn the wealth ol cspciicnce in the geneial hackground to 
the subject that has been condensed within itscosers, schilst the reseaich worker who thumbs his way 
thiough will be giccit cause to cnquiie whcthci his existing appaiattis is really csptimized for the )ob 
The inoig.inic chemist whilst not spccilic.illv c itcicd tor will be stimul.ited by the statement ol page 
S loiccasting the use ol this technique toi the aniKsisol inorganic s,ilts bc'ihng abene 1000 C 

I- S L ANE 


A B CiRiNiuitRt. \ii (iilroductioii to (he ( lietiiistrc of ( omplev f’onipounds liansl.ilcd liom the 
2nd Id <1031) h\ I R 1 i u it ind 1 diled by I) II fit s< n ,ind R I fKiMBit I’eigamon Press, 
Oslord |0f,2 3M pp IQSs 

This bex'k is ,i translation ol tiHisoHLRi. s ludtnu i Klii/nnii Koniphksinkli Soulmemi fdilori.il 
comments .ire mscitcci in the text ,is lociliic'lcs I he Russian text w.is tianslited m order to acquaint 
chcniists wilh the appio ich ol the Russi.m Schcrol to coordinalion chcniislry as well as tc) provide 
an mtcrmcdi.itc Ictcl leMhook in this arc.i In the opinion o! the rcsicwcr the bi'ok is unsuitable for 
teaching puiposes but experts m the held t'f coord in.it K>n chemistry may lind th.it it piovidcs a useful 
survey id the essentially experimental approach to the subject lavourcd by Russian chemists 

Bv British standards the book dates to about 1050 Topics ol the greatest impoit.ince which arc 
not discussed include molecular orbital thcoiy and ciystil held thcc'rv as .ipplicd to complex com- 
pounds and reaction mechanisms ol complexes in aqueous solinion Mci.il caibonvis receive only 
very brici meiition and in view ol the date ol publicaiion ol ihe origin il Rtissi.in vcrsicnt ol the book 
there IS n aurally no description ol the chemistry td -r-comple\cs Wriiicii bclore the tie iib ol Stalin 
the book contains frequent statements having .i politic il hi is 

The book is ceriamlv not suii.ible tor students I rom a they would obt.iin a very tinsaiislaclorv 
account td the chemistry of complexes Treatment of the xubjccl is lar too historical and the experi- 
mental woik described far loo ehssical Inirared ulliavudcl and visible spectroscopy magnetic 
studies anci other techniques now used to elucid.ilc the natuic cd complexes, ,ire h.irdly mentioned 
However from the point cd view cif ,i research worker experienced at the lielcl of coorchnation 
chemistry the book has some mtcrcslmg sections 

The book is xerv aitr.icl ivdv bound .ind printed, ,incl .ilthotigh there arc errors of .i lypogr.iphical 
nature, including one in the prct.icc they aie rel itivclv lew m numbci 
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THE DENSITIES OF LIQUID IRON AND NICKEL AND 
AN ESTIMATE OF THEIR CRITICAL TEMPERATURE 


A V Grossi and A D Kirshimjaim* 

RcsLari-h InstiHite of Fttiiplc L'nivcrMty, PhiladLlphia 
( Recfirci/ 2 1 !/<;// \/ 1962) 


1 OR llic last two years espcrimenta! density determinations were made at the Insli- 
lute of a number of metals from the melting point to the normal boiling point (Sn, Pb, 
In, Mg, Bi, IJ. Cu, Sb, Ag"*) We luuc also slunvn'- * ' that the critieal tempera- 
iLires of metals can be estimated by two essentially independent methods, (a) from 
the law of rectilinear diameter, determined by the experimental densities of the 
lK|iiid metal and its saturated v.ipour and (b) from the theorem of corresponding 
states, using the experimental data on liquid mercury whicli cover the whole liquid 
lange Irom the melting to the critical point The use of both methods is illustrated 
bv the liquid range temperature diagrams of lead*''' and silxer"’' 

In the case of all metals investigated to date there is reasonable agieement between 
the two methods ol calculating ciitical temperatures We now wish to report /no 
namely liquid iron'’' and nickel''*’ whose densities were also measured 
lioin the melting point to approximately the normal boiling point by both the Archi- 
medean and maximum bubble methods with excellent agreement The liquid den- 
sities are straight line functions of temperature and arc expressed by the following 
equations 


and 


8 618 8 83 

Ah'.) "-‘'^9 


10 ‘r 
10 •‘r 


* this wolk was suppoitcti hy llic NalK'nal Sciciuc I oiindation under Giant No 18829 
Slc \an<ius lonli ibulions by A D K.iRsni cnvusi J A Cvmii, P J Me GosiCi xc and \' 
(runssr m d /\'//< / ( lu’iii , J P/i\\ ( /u”>i , J -tmii Chi in Soc and Tian\ Qnarluh of 

\ S M 

\ V CiRossi J Inoii^' I^nd ( lu in 22, 2t (1961) 

N V t, ROSSI , The 1 iquid Range ol Metals, .ind Sonic ol their Physical Propcrlies at High Tcm- 
puaiiircs Paper No 2IS9, A R S , S/iatt / li''hi Kipoii foi/n .\atioii New York, October 9-1 S 

1961 

'v V CiRossi , The I iqmd R.inge ol Metals ano S.nnc ol their Physical Properties at High lem- 
piMiiircs, Report of the Rcseaieh Instiliite onempic I'nocisiiv. October 19, 1960 
A V (iRossF, //loig (hem I, 416(1962) 

t V Grossi and A D Kirsiii isiiaum J Inoi" \n(l (hem 24 , 719 (1962) 

1 I) Kmsiii SHAi'M and J A Gaiiiii, hani of he Mel Soc of 4 /V//., 244 (1962) Presented 
' 'oic the 91st Annual Meeting of the Metallurgical Society ot AlMl- in New York City, Fcb- 
irv 20. 1962 

O Kmsur NiiAiiM and J A Camiii Tumi Qinnltih of 1 S tf In Press 
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where D is 111 e/em’ and I in k The liquid densities at Llie melting and normal 
hoilmg poinis arc as follows 
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are as lollows 


Tlie liquid lange diagiams nf (Ik two metals weie eonstriieted and that of non is 
gi\en in I ig I The eiitisal tempciatiiies ot Fe estimated at 6750 K. and of Ni. 



estimated at 6000 K, were based on the latio of j, //7,r,t ~ 4 35, since this 

ratio IS based on the liquid range diagram of many other metals*'", 1 c Hg, Bi, Ag, 
Pb, Sn and Ga However, if we base our estimates of critical temperatures on the 
law of corresponding states and the following reliable heats and entropies of vapori- 
zation*^'" of iron and nickel 

P J McOomcial, A D Kirshi sHAOM and A V CiRCjssr, y Ph\s C/if'/a , 66, 737 ( 1962) 


The densities of licjuid iron and niekel and an estimate of their critical temperature 


333 



N B P 


AS 

a 



( K) 

(kcal/g atom) 

(cal 'g atom K) 

based on Hg 

( K) 

1 c 

3160 

83,900 

26 7 

0 31 

10 000 

Ni 

3110 

88,870 

28 5 

0 2s> 

10,700 


we obtain the values of 10,000 and 10,7(K) K lor be and Nt respectively If these 
values are correct it follows since the D^, ,, //),,,, ,, given above would be the same 
tor these two metals, that the slope of the /> vs 7 line and of the rectilinear diameter 
would be much more giadual than the experimental line The D vs Time for Fe 
identilied by 73, if be corresponds to Hg, is the uppermost straight line in big I 
It IS apparent that the disagreement with the observed density line is outside of any 



T„d f T ' ) 

1 K. 2 

13 R Sii'ii and Ci t' Sinki, lluiiiunlyiiniiiii Pioi>fi/ics <>/ ilu llf/unir^ p 112, ind Its 
trlvanccs in C hemisirv Seiics Itt, American t hcniical Si>cict\, Wiichingtcm Ot tmS(->i 
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cxperimcntcEl error indicated by the “error cone” of the rectilinear diametci, i e , 
in Fig 1 The difTerences in the critical tenipcraturec by tlie two metliods are 3250 K. 
(le U)000 6750 K) for He and 4700 K (i c 10,700 6000 'K)foiNi 

If one relics on the experimental liquid dcnsites it follows that the lediiced tempera- 
tines of he and Ni cannot follow the AS v T,,,, clii\c ot mercury The tiiic AS v 
7^,,, curse of fe and Ni estimated liom out density measurements, is compared 
with Hg curve'*’ in Fig 2 a typical homopolai compound, namely H.O is added as 
a reference It is to be expected that some other metals, similar to he and Ni, will 
follow AS’ cinves between those of Fe and Ni and the Hg curve 

The reason for this singular behavior ot Fc and Ni, and presumably also of Co 
can be expected to lie in the nature of the metallic bond Fe, Co and Ni aie transi- 
tion metals with the highest metallic valence of six, m line with Pai'i ing's concepts"-’ 
and the smallest atomic radii (he 1 170 A, Co - 1 162 A and Ni 1 154 A), 
these three metals also occiipv the minima m the Lothar Meyei atomic volume vs 
atomic number curve 

The critical temperature is m a way a measure of the strength of the metallic 
bond, thus the lower critical temperatuie than originally expected would imply that 
the strength v'f the metallic bond in the Fe-Ni tryad is less than in “simple" metals 
P\t I ing"*’ stresses that “the metallic valence six foi iron represents the maximum 
number of electrons that contribute to the formation of chemical bonds and nut the 
(iicKn'f number ’ He illustrates tins point by referring to the equation of state of 
metals, developed recently by McMiiian and Lattir"'” These authors showed 
that an isothermal equation of state can be derived from the coulomb virial theoiem 
for '"simple" metals, consisting of impeiturbablc metal kernels (ions) embedded in a 
uniform sea of valence oi S electrons Good agreement could be shown between the 
A//f,,r„, of the normal gaseous metal ion kernel and the calculated metallic com- 
pressibility for the alkali and alkaline eaitli metals, where laleme shells me entaeh 
constituted aj S electrons (1 and 2 respectively) In the case of transition metals, 
specifically in the case of Fe, Co and Ni, agreement is reached only if approximately 
one halj of Pai'Linc.’s maximum number of valence electrons was assumed to take 
part in the metallic bond formation In the case of metallic iron with a valence six 
and two unpaired electrons occupying separate orbitals, PAiaisc. assumes"*’ the 
configuration ZePAsAp-, in contrast to the jtee iron atom, with a normal 'D state, 
based on the configuration 2d*'As- 

Thus It IS probable that in our case also the metallic bond of the typical transition 
metals, specifically Fe, Co and Ni. is relatively much weaker than m the case of the 
“simple” metals, i e alkali or alkaline earth metals and also Zn, Cd and Hg 

It IS likely, therefore, that the other noble metals, i e of the VIII group of the 
periodic system, particularly Pd and Pt, will show lower critical temperatures than 
previously expected and therefore a much steeper slope in their 22 vs 7 line 

• /t IS based on Bests and GiAOia's measurements'"' of A//vjip of Hg from its m p to 750 K 
R H Busly and W f Giaquf, / Amer Chetn Soc 74, 80F 809 ( 1953) 

L VnuLWC, , The Nature of the Chemical BondOrA Ed ),C\\CL^ ll,p 393 448 Cornell Gniv Press 
(1960) 

L ywLWCj, The Nature of the Chemical Bond, i> 416 Cornell Univ Press (1960) 

(low G McMiLiANandA L Latter, 7 Chem Phys 20, 15 (1958) 
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PHOSPHORUS-FLUORINE CHEMISTRY— I 

FLUORIDES OF PHOSPHONIC AND PHOSPHINIC ACIDS 

R SCHMUIZIIR 

h I du Pont dc Nemours & Company, hxperimcntal Station laboratory 
I xplosivcs Department, Wilmington, DeUssarc 

( Keren ed 27 June 1 962) 

Vbslrait RcaetiOn ot methyidiclilorophosphinc with potassium fluorosulphinaie led to the formation 
ot the phosphonic aeid fluorides, CII-,POI '2 and C lUPblj, by addition of the elements of sulfur 
dioxide to the ti ivalent phosphorus, no huorophosphine, C H iPL.. being observed Dimethylmono- 
ehlorophosphine, m the same lashion, was eonverted into the phosphinic fluorides, (CHjjPOF and 
(CM i)d’Sl Chloromethyidiehlorophosphine, under similar conditions, gave a small amount of the 
spontancouslv inflammable fluorophosphine, ClCH.Pl ., while the prineipal product corresponded 
loCKH.PCf. CICH.POLj 

1 he ssnthesis e't a number evf phsvsphonie and phosphinic fluorides of the composition RPOF,, 
RPSI 2 RjPOl and R,PSh <R aliphatie or arom.ilie) by metathetical reactions is described 
teilain phosphemie and phosphinic iluorides were isolated as by-products of the facile partial 
hydiolysis ol the corresponding lluorophosphoranes, RPh, and RjPF respectively 

'“r nuclear magnetic resonance spectra ol substituted aromatic lluorophosphoranes and phos- 
phonie fluoiides, whstse synthesis is based on diehloresphsssphincs revealed that aromatic dichioro- 
phosphinalion undci I RIF-Df l CR\nb conditii'ns invariably leads to mixtures evt isomers {p 
and m) I he prepaiative sepaiation ot the lolylphosphonie fluoiiiJe isomer mixture by vapour phase 
chiomalography is described 

Some intra-red data on phosphonic and phosphinic fluoiides are presented 

In 1955 a novel fluoiinating agent, potasstiim fluorosulphinaie KSO.F, was introduced 
into synthetic chemistry The new reagent permitted the convenient preparation 
ol a variety of fluorine compounds already known as well as providing a route to 
novel fluorine compounds (cf References la d, 2a -g) 

One of the uses ofpotassitim lluorosulphinate was its application in the fluormation 
of phosphorus chlorine bonds, e g for the pieparation of phosphorus tnfluoride, 
phosphorus OKyfiuoi ido, phosphorus thiotrifliioiide (cf References la-b, ^). the 
phosphoniti ilic fluorides (tf References 2a , 2c 2c g), ester derivatives of pentav alent 
phosphorus,"'' fluorophosphine complexes of /crovalcnt nickel"* and certain 
tkioiides of phosphonic acids *'■'* 

In the course of systematic studies on the scevpc and limitations of fluonnations 
with potassium fluoiosulphmatc, its behaviout tovvaids chlorophosphines, RPCL and 

‘ ' 1 Sin. tl Jonas, 1 Rllill .ind J I \nv>i r f/;"Cii i hem 67, ''2(1955) 

''I Sn i and L Rinii,/’ Xmn" (.hem 282 , 29t ( I9S5) 

'I Shi (jer Put 1000554 (1957) 

'I SiH 6t/ Pat 1000355(1957) 

1 Sh L and J Lsst.i r, / liii,’<'iv (hem 68, 46I(I9S6) 

1 Sill and J Ianc.ir, Z 'imm; (hem 295.516(1958) 

1 Shi and j I \nc.i r, ( /rv/i Pci 91, 2555 (1958) 

'I Shi and K Bm i rhch, r/icm Uei 92 . 544 (1959) 

\ B Burcj and A P Caron / tmei (hem Soc 81 , 856 (1959) 

' \ C Chapman, N I Paiioock, D H Painp, H T SrvRit and D R Smihi, 7 (hem Sor 
'608 ( 1960) 

\ t C IIAPMAN, D ft Painf, H r Sfarii D R Smhm, andR 1- M Wiiiii.J Chem Sor 
IV6S (1961) 

I Sih.K Bai I Rlicii and R Sc mmot/ii r, fin 95,199(1962) 

* Siii.K Bai 1 Rite H and R SciiMiu/i i r. C /;<w Pn 94,1173 (1961) 

t'5 
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RjPCl Wets investigated It was expected that the pieviously unknown fliiorophos- 
phincs Rl’kj and RjPk might be obtained which wcie deemed to be of inleiesl as 
novel ligands in co-oidination cliemistiv 

\ Mgoious leaction occuiicd when phenyidiehloiophosphme v\as icacted with 
potassium Huorosulpliinate, both in the piesence and absence of a sobent Instead ol 
being the expected fluoi ophosphme the piodiiet was ulentified as a constant boiling 
mixtuie of the phosphonie fluorides C,,H,POr^ and C|,H-PSrj which could not be 
sepaiated bv distillation That the product mixtuie consisted ol the phosphonie acid 
fluojKic's was demonsliated b) the independent synlliesis of both compounds •* 

A similai redox reaction was also encounteied when melh) Idichioiopltosphine 
was reacted with potassium nuoiosulphinale. the puie phosplionic fluoiidcs 
CHjPOF-j' and C HjPSI being leadily isolable in this ease due to a 

lemarkabty high ditleienec in boiling points (b p CH ,PObj. 9S-99 . bp CTljPSF,, 
59-60 ) Apparently the P O compound is considerably associated, compaied with 
the P S derivative a known property ol ceitam oiganophosphoi us compounds 
containing P O and P S bonds, lespeclively 

There was no indication foi the formation of the fluorophosphme (CH ,)jPb when 
dimethyinionochlorophosphme was fliioiinated with potassium niiorosiilphinate, 
and the same type of redox reaction as above occuiied The phosphinic nuoridcs, 
(CHj)jPOF and (CH,),P.SF, were the sole leaclion piodiicts. ideniihed by vafiour 
phase chromatographic sepaiation of the icaction mixture and compaiison with the 
independently prepared authentic compounds In a pieliminary comiminication.' ' " 
dimethylmonofluorophosphine was mentioned as a prodiicT of the reaction of the 
chlorophosphme with potassium nuorosulphinate. in the absence of physical or 
experimental data 

The elements of sulphur dioxide which is geneiaily loimed on fluoiinations with 
potassium fliiorosulphinate, according to 

R-X KSOT — R F KX SO, (X halogen) 
add to the trivalent phosphorus as follows 

3CHjPCl, 6KSO,F vlCHiPOF, CH,PSF, 6KC1 5SO,. 
3(CHj),PCl 3KSO,F ►2<CH}),POF (CH,bFSF 3KC1 2SO, 

‘'TP Dawson and K C KfNSARO.y Oii; ( luiii 22, 1671 (I957| 

" ' G SniKADi R (to Parbenfabrikeii Bryer A G) (n'l Fat IOy9St2 ( 1961 ) 

H CoAiis and P R C arti r (to Great Britain Ministry ol Supply) Hut fat 734lb7 II9S5), 
US Pat 2853515 (1958) 

•’‘VI RA/tUMov, O A Mlmiachfv A and E A MAKK()vi(n,7 Gc'ii Clicin (.SSWtlng liansl) 
28,194 (1958) 

‘ M Halmann, y Chttn Soc 305 (1959) 

“E M Yac.ui'OL skii and Zli Vf Ivanoaa, y (ten Cbtnt (.'SS)?(Eng lr.insl) 29, 3726 (1959) 
G ScHRAOi-K (to Farbenfdbnkcn Baytr A G) HlP' fat 588254 (1960) 

'P J R Brvant a H Eoru-Moori, B J Plrrv, A VV H Wardroi’ and 7 I Waikins, 
y Oum Soc 1553 (I960) 

' G SoMKADiR (to Parbenfabnken Bayer A G ) Uet fat 1085874 (1960) 

" C W EuLLocKand D D Couman, y Or" C hem 25,2016(1960) 

‘L M yAOl'Pol "sKii and Zh M Ivanova, y Gcti (hem USSR (Eng Tiansl)3(), 3986 11960) 

•• G ScHRAOi R (to Farbenfabrikcn Bayer A G ) rrench Pat 1250923 ( I960) 

V GiirMANN, P Hi II MAVi R and K UrVARV, \1onat\h (hem 92, 196(196)) 

•" f P Komkov, S Z /ais, K W Karavanoa', and I Jr Smirnov, /h Vlohdiei kliiiii 32, 301 
(1962) 

G M Kosoi Apon On^'unophosphoni'. C onipoiiiuU, \i 241 If J Wiley, New York and I ondon 
(1950) 
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A particularly interesting observation was made in the reaction of chloromethyl- 
dichlorophosphinc, ClCHaPCI,,, with potassium lluorosulphmate With antimony 
trifluoride, chloromethyldichlorophospliinc was converted smoothly into the spon- 
taneously flammable fluorophosphine, ClCH^jPh^ (10) while a variety of other chloro- 
phosphines were invariably converted to fluorophosphoranes, R„PFr, „ (cf below) 
With potassium fluorosulphmate as a fliiormadiig agent, small amounts of the fluoro- 
phosphme, CICH 2 PF,, and of the phosphonothioic difluoridc, CICH.PSF, were 
formed, while the bulk of the product, bp 119', had the composition 

ClCH.PCl. CICH.POF, 

(cl bp ClCHjPClj 129’, bp CICH^POF^ - 128 ) The same I 1 product was 
obtained on combination of ecjuimcilai amounts of the pure components, no noticeable 
licat of reaction being observed 7'he refractuc index of the 1 I product was found 
to be almost Imeaily related to the indices of the pure components, suggesting a 
relatnely weak molecular interaction 

A comparison of the '“h nuclear magnetic resonance spectrum (at 56 4 mc/st of 
puie chloromclhylphosphonic difluoiidc and of its I I product with chloroinethyl- 
clichlorophosphme showed a doublet, P F coupling constant J 1140c/s, at the 
same position in both products, again facoiiiing the formulation of the 1 1 product 
as a mere a/eotrope 

The infra-red spectrum appeared essentially as supei imposed from the pure com- 
ponents, except for the P O absorption in chloiomethylphosphonic difluoridc. which 
was raised by ca 20 cm ' The product may be regarded as an azeotrope, especially 
m view of its boiling point being slightly lower than the boiling points of the individual 
puic components On the gas chromatevgraphy column the pioduct was readily 
separated into its components, and no peaks besides pure chloromethyldichlorophos- 
phme and chloromcthylphosphonic difluoi ide weie detected The exact 1 1 composi- 
tion of the product, however, is notcwoithy A study on the interaction between 
chloromcthylphosphonic difluoricfe and ccitain other tnvalent phosphorus compounds 
in view of the above observations may be of interest 

1 Liithei attempts to prepare fluorophosphines by conventional fluoriiiation 
methods eithcrffliled or led to similar redcix reactions It must be concluded, therefore, 
that fluorophosphines are siiongly reducing compounds and m fact the first leprc- 
sentativcs of this new' class of compcuinds''' wcie found to be highiv reactive, 
nainmabic materials 1 luorophosphines co-ordinated to a /erovalent transition metal 
c e nickel, could readily be obtained by fluorination of nickel -chloiophosphme com- 
plexes with potassium fluoiosulphinate The fluoiination of ehloiophosphmes 
,1 with Group V fluoiides usuallv led to fiuorophosphoianes R,Pf-- in 
' xcelicnt yield, instead of the expected dciivatives of tnvalent phosphoius R,PFj , 
'•here/; 1 01 2''"""' 

An extensive studyof cirganophosphorus fiuoi ineecsmpouncfs"'" ledtothe piepara- 
' on of a numbci of phosphonic .met phosphinie acid fluorides. RP(\fl and R>P(\)F 
b 01 giiiiic group, X O S) w hose sv nthesis ,ind properties .ire disc usseci beliivv 
' "splioiin; and phosphinie fluoiides represent a iicvv cl.iss of compounds, and a few 

' N IsiiMvovv \o M /isov IS aiul l / Suu<ir(i\sku ! imt ( licnt tSSWlIng Transl ) 

’-> 'nif, (U)SV) 

! Smimi.i/iir (lumamlhul I8()S(I‘I67) aiul suhsc^ucnl piiblc.it ions 



R SrHMUIZLtR 


leprebcnlaliNc examples have been described only recently, almost simultaneously by 
several ditleient workers" I'suallv the synthesis was by lluormation of the 

conesponding chloiides with hydiogen fluoiide alkali fluorides in polar solvents like 
teiianieth) leiic sulphone or acetonitrile potassium fluorosiilphinate, potassium bi- 
fluonde /inc ftuoiide, benzoyl fluoride, sodium hexafluoiosilicate, etc 

In the picsent work, some of the above mentioned fluonnating agents were also 
employed In addition, advantage was taken fiom the strongly reducing properties of 
fluorophosphmes, which permitted a simple synthesis of phosphonic fluorides di- 
chlotophosphincs wcic reacted with alk.ili fluorides in a polar solvent like acetonitrile 
in the piesence of air and a catalyst, eg 

(-"JUPCI, \0_. . 2NaF -^;'rr> C„H-,POh_, 2NaCl 

The combination ol antimony trifluoiidc with catalytic amounts of antimony 
pentaclilondc was used in a leu instances (eg ehloiomethyl groups bonded to phos- 
phorus m phosphonic chlorides) No attack on the caibon-chlorme bond was noted 
uJiile tlie phosplionis chloime bond was /caddy fluoi mated 

Phosphonic and phosphmic fluoi ides were fiequently obtained on the preparation 
of the corresponding tluoiophosphoianes, RPF, and R^Pl', particularly if moisture 
was not rigorously exeluded Due to the marked dilference m leactivity of fluorine 
atoms m RPF, (and R_,PFj) compounds, it was also possible to elTect their partial 
hvdrolysis under controlled condflions (temperature below 0 ) with an ec[uimoIar 
amount of water, preferably m a solvent, eg 

RPbj 11,0— > RPOF, : 2HF ->( '> -■- RPO(OH),) 

If was also found in certain instances that on prolonged storage in glass fluorophos- 
phoranes were converted to the corresponding phosphonic fluorides, e g 

C.H.PI^ >C,K,POF, 

Phosphonic and phosphmic acid fluorides are relatively easy to handle, as compared 
with the corresponding fluorophosphorancs, the latter being fai more sensitive 
towards hydrolysis Compounds of the type RPSF, arc more stable towaids hydrolysis 
than RPOF, compounds, while R,P(X)F compounds (X O oi S) are generally more 
stable than RP(X)F, Some of the compounds possessed an unpleasant odour which 
may be partially due to small amounts of impurities since highly purified compounds, 
particularly RPOF, and R,POF, were found to be almost odourless Characteristic 
is the smell of certain compounds containing the — PSF, group, some of them also 
fuming slightly in the atmosphere Preliminary scrcciimg on possible biological 
properties of phosphonothioic difluondes revealed activity of a lower order as com- 
pared with phosphinothioic monofluorides, R>PSF‘^*^' or phosphonamidothioic di- 
fluorides, RP(S)(NR,)F^'"' the latter being readily obtained upon interaction of 
secondary amines with phosphonothioic difluondes These novel types of compounds 
are distinguished by their high insecticidal activity Useful insecticides of the com- 
position R CgU^PfXXOR'yF (X O or S) have been obtained via the phosphonic 
difluondes An independent synthesis of the same type of compounds has been 
described simultaneously 

G ScHRADFR (to Farbcnfabriken Bayer AG) Get Pa! 1071702 (1959) 

L M Yaocpol’skii and Zii M Ivanova, Z Gen Cheni t/SSRCEng Trans! ) 30, It 10 (1960) 
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Except for the above mentioned examples, little is known about the chemistry of 
phosphonic or phosphinic fluorides It has been demonstrated that RPOF^ intermedi- 
ates are useful in the synthesis of unsymmetrical phosphinic acids via the Grionard 
reaction In a similar manner, phosphonic fluorides were employed as convenient 
intermediates m the synthesis of tertiary phosphine oxides, which are of current 
interest with respect to their application as high-tcmpcralurc stable fluids The 
clectioncgativity of the fluorine apparently facilitated the nucleophilic attack on the 
phosphorus atom in the Gngnard reaction, where the corrcspondingchlorocompounds 
failed to icact in a defined manner Phenylphosphonic difluonde was the starting 
mateiial foi an interesting synthesis of the tetrafluorophosphorane, by 

fluonnalion of the P O gioup with sulphur tclrafluonde 

In connection with the present work, some interesting information was obtained 
on the orientation of phosphorus in the extcnsiscly explored and widely applied 
piocc'ss of aromatic dichlorophosphination 

A standard method for the preparation of aromatic dichlorophosphincs consists in 
the reaction of aromatic hydrocarbons with phosphorus Irichlonde/aluminium 
cldoiidc, ic under Priedel-C rafts conditions, first introduced by Mi( hai i is ahnost 
seventy years ago 


RC„H., R C„H, PCI, HCl 

Although Michmlis considered the possibility of isomers in this reaction, little 
altcniion has been given to this question, since, and until recently the proceduie was 
tiescribed to give essentially the para-isomcis (cf 15 - 21 . foi example) 

Kosoi APOH assumed the presence of oii/io and /wu-isomers in a phosphonale 
synthesis based on the coiicsponding aromatic dichlorophosphine and reported later 
the formation of o. iii, and /i-isomcr in the dichlorophosphination of toluene’--' 
Sonic criticism of the classical Friedel-C rafts method has also been offered by 
r.Rij NMi VI R*-’ who reported for the first time .in unambiguous synthesis of o- and 
/i-tolyidichlorophosphine It is obvious that boiling points and rciractive indices of 
the isomeric compounds shciw only little difference, and usually the reaction products 
of the f riedcl-Crafts synthesis were regarded and used as /r-substituted dichloro- 
phosphincs 

Recent work of Mui. i rrRTiis*-^' ’’’, however, showed that dichlorobonnation of 

' ' D CiRAisiriN, I< Duoxk and M S Cown WADC Technical Report 57-45, Part 111 
W C Smiiu, y Aniei (hem Soc 82, 6176 (19(>0) 

"’"A Mic HALMS, /!/;/; 293, 193(1896) 

’’A Michailis Ami 294, I (1896) 

‘ J K Jackson, W C Dami s and W J Joisrs, y Chem Soc 2798(1910) 

W C Davils and W P Walilrs, y Chem Soc 1786 (1935) 

'’’W J JoNis.W C Daviis, S T Bowors, C Ldwaros, V C DAVisandL H Thomas J Chem 
Sor 1446(1947) 

' ' Cl M KosoiAPoit and W T Hi niR, y Amu Chem Soc 69,2020(1947) 

""/ 1 Kiiisamova and Cl kAMAi.y (,eii Chun 0'.SSR(lng 1 ransl ) 20, 1 207 ( 19S0) 

"B Buc HNLR and L G Lockhart, y Amei (hem Soc 73, 7X5 (1951) 

"R II WiiivandC' ft JARHut.y Amer Chem Soc 73, 4496 (19X1) 

G M Kosolapoii y Amer Chem Soc 74,4119(19X2) 

’3ii Will , B Prijs and H Frli nmi v in. //<7i (him 4< /a 35. 14 12 ( 19X2) 

'' fii Will , F3 Pros and tl Lri inmi MR, //r/i Chim Irlu 36, 1 314 ( 19X3) 

'1 I. M III TM r< III s, y Amer Chem Sot 81,2597 (19X9) 

' L 1 Murrii iniFS, y Amer Chem Sot 82.4163 (1960) 
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aromatic hydiocarboiis imdei similar conditions as the dichlorophospliination in- 
sariably led to mixtures of ni- and /j-isomcrs (a ni /?-iatio between I 1,5 and 1 5 
being observed) whcieas the o-isomei seems to be less iavoiiied horn steiical reasons 
The isomei latio was readilv established b^ pcih\diol\sis ol the dichloioborane mix- 
tuie with subsequent IR identification i>f the coirespondmg substituted phenols 


R 


A ri, 

+ BCt, ► R 


V V ecu + < 7 —ecu -I- Hct 


\ 


OH 


-OH 


A similai approach for die liloi ophosphines is difhcult due to the gieat stability ofthc 
cat bon pliosphorus bond 

Fluoi me ( ''*F) nuclcai magnetic lesonanec speetia ol seveial substituted aiomatic 
fluorophosphoranes were taken of tolyl- chloiophenyl- methoxyphenyl- and iso- 
propylphenvl-tetiafluoiophosphorane whose synthesis""’ is based on the corre- 
sponding diehlorophospluncs In cveiy case the presence of at least two diflercnt 
species, presumably aromatic isomeis was levealed The '"F nucleai magnetic reso- 
nance spectrum of the arvl-tctiafUioiophosphoianes was found to consist of a single 
resonance split into a doublet by "P, these data being consistent with a tetiagonal 
pyramid stiuctuie with the aryl group at the apical position The data can also bo 
interpreted, howcvci in terms of a tiigonal bipyramidal structure, and an intra- 
molecular exchange piocess may be responsible for the NM R-spcctroscopical 
equivalence ol the fluorine atoms in fluoiophevspJioiancs 

For the isomer mixture of the lolyl tetrafluorophosphorancs a P F coupling 
constant of 960 c/s and an isomer latio of ca 2 1 was found Fhe coriesponding 
data foi tolylphosphonic difluoiide which was prepared from the same tolyldichloro- 
phospliine, aie 1099 c/s and ca 2 1, icspectivcly Similarly, on gas chromatography 
analysis of the tolyltctrafluorophosphorane two peaks in an approximate ratio 
between 2 1 and 3 1 wcie observed A preparative separation by gas chi omatography 
m order to establish the identity of the isomeis was then earned out on the tolylphos- 
phomc difluorides since the highly reactive letrafluorophosphoranes presented some 
handling difficulties The reliability of the gas chromatography method was checked 
by running authentic samples of phcnyltetranuorophosphorane (I peak), phenylphos- 
phomc difluoride (1 peak), and isopropyl plicnyltctrafluorophosphorane (2 compo- 
nents) It was impossible to analyse the original tolyldichlorophosphinc under a 
variety of conditions vvithout si/cable decomposition It can, however, be safely 
assumed that the isomer distribution found in tolyltctrafluorophosphorane and 

' E 1 Ml FTTERTiis, R Sc HMUl/i LR and W Maiiilr Submitted fur publication 
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tolylphosphonic difluonde also represents the cornpos/tion of the starting tolyldi- 
chlorophosphine Both analytical a.nd preparative gas chromatography on the tolyl- 
phosphonic difluonde mixture showed an isomer ratio close to 2 \ (p m. as will be 
demonstrated below). One of the separated isomers (p) was found to be solid at room 
temperature, while the other pure component was liquid Both separated products 
were hydrolysed to give the corresponding phosphonic acids which were shown to be 
identical with authentic products, as summari/cd below Hydrolysis of the original 
tolyllctrafluorophosphorane gave a mixture of isomeric phosphonic acids melting 
over a lange 


CH, 


+ PCI, 


Dichlorophosphination of Toluene 


AlClj 


CH, 


PCL^ 


CH 


Sbf, 


5 




Cl. 

s 

CH. 


p:. 


H.0 


CH 


V' ' - POtCH) , 


C-< 


s , 


POC 


Isomer n nture soflciimj ol 
163”, mp 181 5 -'84” 


F S.r 


CH, 


t 1 

CHj _ PC>OH' POlOH) 

C'r, 

rrep IC7 5-189" (27) mp 'i9 S-'?'" 128) 

I he results desciibed do not rigoiously exclude the piesciicc ol miho compound 
but strongly support the picseiice of only two isomers in tolyldichloiophosphine, as 

' ’ A Bum, bR and N D Dawson J Ois^ Chcni 16, 12SO(|y5l) icporlcd nip 1SS s IW 
" J M Dimiam and R K iNtaixM J On; Client 23, 1298 (1958) repotted nip IZS 12(i , a 
mixed in p wilh .in authentic sample kindlv piosidc'd bv Prof R K. Ingham was undepressed 
(softening Irom 121 '), and the atids were loiiiid to be idcniie.il by ihcir inira-rcd spectra 
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obtained by the Fnedel-Crafts method A compansmi ot the retractive indices of pure 
o- and /J-tolyldicIilorophosplune'-' vvith the \aliic for the tsomer mixture again 
indicates that the impurit\ o( tlic /i-isomei is ni lailiei than o 

Baidvmn <7 (// icccnllv repoited similar ohsei \ alioiis on the formation of 
istmicrs III the aromatic dichlorophospliinaiion using a diflerent apprc'aeh to establish 
the isomei ratio F-llnlpheinldicIilorophosphme, lor instaiKC was found to contain 
p- and /i;-isomer in a lalio 1 O' I similai ti' toK Idis hloriiphosphine, as described 
abin c 

hprau'cl im of phi>ipln>nh ii uf pho^phiiiii JIuoiiJl'< 

\o ohsei saiitms on the inl'ia-ied speetia of phosphonie oi phosp/iimc fluorides 
hd\e be(.ii lepoitcd so lar fii thccouise ot'llie p'cstnt work some dala on the spectra 
ol 


X 

Y P=0 (S) 

z 


compounds, wlieie X and mas rcpiesent I and Z - an organic group, or X ~ F 
and Y and / oiganie gioups, were obtained and are summarised m Tables 1 4 
bor P O compounds an empiiicat lelation between the electronegativity of the 
substituents in WZP O and the position of the P O stretching frccjiiency was 
given by Bt 1 1 «/ a! 


/(/«) - 


39 96 :t: \ 

3 995 


(A) 


where /(//) phosphorvl absorption wavelength 

H v -- sum of the phosphoryl absorption shift constants, derived from Pauling 
clectronegativ itics 

Supported by data obtained on numerous dilTcrent types of XYZP O molecules 
with various substituents X, Y and Z, it w'as concluded that the effects of substituents 
upon the position of the P O stretching frequency are constant and additive It was 
therefore deduced that for this correlation the band-shifts observed are determined 
mainly by the electrical effect of the substituents upon the force constant rather than 
by mass effects The results now obtained on numerous compounds of the types 
RPOFo and RoPOF (R — organic group) are in good agreement in most instances 
with the values calculated using Equation (A) and the phosphoryl absorption shift 
constants, as given by Bell et aH'^’ Where available, data on the corresponding 
chloro compounds, RPOCI., and R^POCI, arc also included The shift of the P^-O 
absorption towards higher wave numbers, according to an increased double bond 
character, on substitution of chlorine by the more electronegative fluorine is obvious 
P — F stretching frequencies also included in the table are derived from a comparison 
of RPOF, and RoPOF compounds with either the corresponding chloro compounds 
RPOCl^ and R 2 POCI, or with the chlorophosphines, RPCljj and R 2 PC], respectively 

R A Baiowin, K A Smithfman and R A WASiinuRv, 7 Orp Chem 26,3547 (1961) 

( 3 U)j Y Bfll, J Hlisifr, H Tannenbaum and J &oldens(jn, 7 Arner Chem Soc 76,5185 ( 1954 ) 
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of the F S absoiplion was found to be very variable, and sonic P S compounds did 
not show any absoiplion to he assigneti to P S Hooc.f and Christ reported 
some semiquanlitative considciations on the infra-ied spectra of P S compounds 
In view of the small ditTerences ol clectionegativities between P and S, implying only 
a small amount ot ionic charactci of the P S bond as compared with P O, electro- 
negative substituents may be cvpeclcd to have only little inlluencc on the position of 
the P S stietching frec|ucncy The .issignments for P S stretching frequencies made 
111 the piescnt woik weie obtained by compaiison of the spectra of P compounds 
with the coi responding sulpluir-fiee compounds but most of the data are only 
tentative and quite unceilain 


I via 1 s,i -1> S VMV 1’ F INI R V-KI D MlSORPl IONS IS RPSl AMI 
R.PSI COMI’OIINOS 


Compound 

)P S (cm ') louiid 

I'P L (cm ‘) 

( O.PSI 

> 

856 vs 8 t5 vs 

C 1C H ps'l , 

656 \ s ( >) 

916 vs 888 vs 

C fl.PSI , 

) 

ca 87()vs(bd) 

i-C J(,,PSI 

cl 6,S0\s(') 

882 vs 856 \ s 

C.O.HI Cfl PSI 

> 

905 vs 873 vs 

COIJ’SI , 

} 

895 vs 870 vs 

(t'll,) Ps] 

7V>\s 

794 s ( ') 

(C„H l.PSF 

718 vs ( >) 

SIT vs 

1 MU 1 ^b P 

SiMRV-Rri) VBSORI'IION IN 

RPSC f, AND 


R.PSC 1 ( oMPOl M>s 


Compound 

1 P S (cm ') 

l-il reference 

C I i ,PSCT 

664* 

36 

n.psci 

T 1 iplct at 680. 665, 640 

36 

/-C,1I,,PSCI 

ca 680 vs bd ( *) 


c,H,Psri, 

745 s 

37 

(C,,H.| PSCI 

715 vs( ')r 



*Comp.uison of the infia-rcd spectia of CHjPCb and 
C lljPSC Ij shows clearly one stiong new band at 780 cm ‘ in the 
latter Assignment to the P S stretch howevci , is doubtlul,’^^ 
and assuming iP-S at 665 cm ' seems to be more justified 
I (C,.H,),PCi absorbs at 745cm ' but the intensity of the 
7T5 cm ‘ band in (CtHJ.PSCI is greatly increased as compared 
wiih (C,^IIJ,PCI, possibly due to the nevv P S absorption 

PXPrRIMLNTAl. 

A Reaction of chloiofihosftlnncs )\iih polas\iii»i jhioioMiiphnuile 

The reaction of phenyidichlorophosphinc with potassium fluorosiilphinate has been described in 
a previous paper 

Interaction of ineth)ltlicliloiop!wsplntie mtli potassium /luoiosiilp/tinale One hundred and twenty 
grammes of Technical grade (ca 35 per cent) potassium fluorosulphinatc (Ozark Mahoning Co) 
was suspended in 100 ml abs dccalin under nitrogen An exothermic reaction started immediately 

fi S GcrowsKY and A D Lilhr, / (hem Phys 20, 1652 (1952) 

( QuiNCiioN, M LtSrcH and E Gryszkilwicz-Trocuimowsici, Bull Soc (him Prance 169 

0 962) 

E M Popov, T A Masirvukova, N P Rodionova, and M 1 Kabacmnik, J Gen Cliem 

USSR (Eng Transl ) 29, 1967 (1959) 

L W Daasch and D C Smith, US Naval Research Laboratory Report No 3657 (1950). 
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on the dropwise addition of 35 g (0 3 mole) mcthyldichlorophosphine, and reflux ol a low boiling 
material was observed When the addition ot the chlorophosphinc was completed (50inin) the 
mixtuic was heated for 2 hr at 70 inner temperature Distillation at atmospheric pressure gave 
27 0 g (88 2 per cent) of CH jPSb./C H ,POp 2 , b p 57-99 

On redistillation (10 in helix-packed column) 4 9 g CH ,PSf ^ (b p 59 -60 * after fractionation, 
111 agreement with Rcleienee 3), and 13 2 g CH,P(JI bp 98 99 , /i;‘ I 3170, was obtained i- 
Rfaction of diiiietlivinioiiodit hlorophospliine with polas-.iiiin /hwio'iiilpliinuli- This reaction was 
studied in essentially the same way as described above lor mcthyldichlorophosphine 1 he starting 
ehloiophosphine was prepared according to the directions ol Parsiiaii''"' with the modification 
that the crude mivtuie of dimethylchlorophosphmc-dimclhylphosphinothioic chloride was redistilled, 
over tribulylphosphme I he yield of dimcthylchlorophosphine could thus readily be doubled 

Dimcthylchlorophosphinc 19 3 g (0 2 mole), was distilled into a diopping funnel attached to a 
200 ml three-necked flask fitted w ith a rctlux condenser and a mechanical stirrer in w hich 50 g technical 
potassium lluorosulphinate had been suspended in 100 ml ben/ene under strict exclusion ot air and 
moisluie A strongly exiUhermic reaction occurred on the dropwise addition ol the chlorophosphinc 
to the stiricd suspension After the addition was completed the mixture was refluxed lor 5 hr The 
cooled mixture was filtered under nitrogen at atmospheric pressure and the volatile products were 
rlistillcd off over a Vigieux column Hoilmg point and refractive index of the distillate conhrmed its 
identity as virtually pure ben/ene A compound (CHi)jPh would be expected to have a boiling point 
ol approximately 40-50 (bp (ClldiPtl 75 > Several samples of the distillate were also anal>sed 
hv gas chromatogiaphy,* and found to contain only negligible impurities, which did not show up 
in the mira-red spectrum 

1 he highci boiling residue was then distilled in a vacuum over a 4 m Vigreux column to give a 

total ot 12 5 g 61 5 per cent ot a colourless liciiiid, bp 60-72 20mm Two tuts, having the 

Uillowmg relractive indices were taken 

(1)/;;,"- 14590 <2) < ‘ I 4216 

By eomparisern with the icfractivc indices of the puic components ((l-H d.POr- up,’ “ 1 3940, 

(t H diPSf “ 1 4875) the molar ratio (Of djPOF (C Hj)jPSl- was tound to be ea 7 3 in the 

first cut and ea 3 7 in the second This result is in good agreement with the ratio derived from the 

VPC data obtained for cut 2 at 77 (40 cm ‘ mm , 20 per cent silicon giease on 60 80 super support) 
I peak at 4 7 nun (Offi^POK 1 peak at 5 3 nun (CHO.PSF, approximate ratio ea 3 7 No 
by-products were detected by VPC Identification ol the components was by comparison with 
.luliicntie (C H OjPOl and (C 1 1 OjPSb The change m composition ot cut ( I ) and (2) is also reflc-eted 
111 the infia-red spectra the P O stretching frequency at 1250cm ’ is much stronger in cut (I) than 
m cut (2), in accordance with the decreasing (Cfljf^iPOh content in the latter 

Reamon of chloi omel/n hlicli/oi op/io\p/iiiie Mirli ponissiiiiii f/iioiosiilphiiiare There vvas no immedi- 
ate exothermic reaction when 45 5 g (0 3 mole) chloromcthyidichlorophosphine "" vvas added 
dropwise to a suspensicin tvf 1 10 g technical potassium fluorosulphinate in 130 ml o-dichloroben/ene 
under nitrogen Slight reHux of a lower boiling product vvas noted when the mixture vvas stirred at 
gi uUially increasing tempciatuie up to 110 (2 hr) Distillation at atmospheric pressure gave first 
5 5 g of , I spontaneously flammable liquid bp 33 40 (C K'H-PI j cf 10) (Tnlv 0 3 g of CTC H^PSI-, 
bp 87-94 . /if,’ I 4430 (identified by b p and relracdvc index) was then isolated The higher 
boiling products were recovered under vacuum (ea 50 mm) and redistilled at atmospheric pressure 
and 1 5 6 g ol a colourless liquid, b p 119 120 vvas collected On ledistillation theb p was unchanged 
at 119 ,''/,0' 1 4520 (cf CICH.POF, ii\f 1 3720, CTCH-Ptl.. ii;’ 1 52 82) hound “c, 
8 4 H 16, P, 218, h, 13 4 Calc for CICH.PCIi CTC H,POf ^(285 8) C 84 H 14 P 21 7. 
r. 13 3"„) 

Piieil coinbinalioii of t hloiooielhyl diihloiophosplune wir/i chloiomeilnipho'.phonn ili/looiule No 
cxothcimie icaction oceuried when 11 5 g (0 076 mole) chloromcthyldichlorciphosphinc vvas added 
dropwise to lOOg (0 076 mole) chloromcthylphosphonic ditfuoridc Distillation of the mixture at 
atmospheric pressure (under nitrogen protection) gave 21 Og (97 per cent) of a colourless liquid, 
bp 1 19 120 , //“ ' I 4470 Boiling point and relractive index remained unchanged on rcdisiil- 
lation over a 10 in hchx-packcd column Physical data and analysis conhrmed that the prosiuct 
* The b p 84' for CHjPSI j, as reported by S<'hrai)i r"’ must be corrected ((1 Sr hr vdi r, 
pcisonal communication), a difference of only 14 (84 vs 98 ) between the b p ol C HtPSF j and 
( .11 ,PSt ; would be unlikely In the meantime in another papci''"'’ a b p ol 61 62 was reported 
I Dawsom and Klnnarii"’’ reported for C H-,POI ^ bp 98 99 , iq’ 1 3(48 while Rv/vmov 
and coworkers presumably had an impure product, reporting //]',' 1 3277 

J 1 he author is indebted to Mr C R TAtirx for the gas chromatography work described herein 
''' Cr W PARStiAtl,/ fiKiig bJticI C/ietii 12. 372 (1960) 

^*'1- UiiiNo, K Ratiimiury and A D h Toy, 7 Tiiiei Chem So< 83, 2299 (1961) 
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was the same as, above Found C. 8 6, H 18 . P.22 0 f.M?, Cl, ^9 I Calc for CICHjPCI, 
ClCHjPOPjtZS? 8) C. 8 4, H, 1 4, P, 21 7. F. 13 3, Cl. 49 6"„) 

Infia-ied spatia The infra-red spectra wcie recorded on the puie components chloromethyl- 
stichlorophosphine and chlorometlivl|shosphonic ditliioiidc and on the 1 1 products obtained upon 
interaction o\ C\C VFPCl. \\ nh KSOd ( Stand on diicct combination of CICl IjPCL \\ ith CICH^POI j 
iHt rcspectiseU 

The specti.i ot the 1 1 piodiicls appear essentially as a supci position ot the spectra of the pure 
components iseepi l,ii .1 strong absoiption in piodiiet A at I7l9tin ‘, uliith c'annoi be explained, 
but mav be due to ,in unknown impurity The considerable shilt ol the P O stretching frequency 
( 1 112 \s 1 1‘'2 em ') indicates that this bond is involved in the mteiaetion with the chloiophosphine 
while most of the othei absoiptions arc virtually unchanged 

Gm ihioiiHiio'^iaph', on CICl FPC K C ICfFPOl ^ CIt H.PC I. CIC H.POl j vvas clearly separated 
lino two pure components (104 , 60cm' eariiei i;as mm, 6 ft silicon oil column, 20 per cent on 
(>0-80 super support), letenlion times 2 2 and 6 3 min , icspcelivelv Compaiison with authentic 
..imples sbi'wed the 2 2 mm peak It) be chloromcthylphosphonic dilliioiide while the 6 3 min peak 
was due to ehloiomethv Idiehloiophosphine 


( 1C H PCI , 

C ICIFPOP. 

( icii pc 1, ( icii ptyi , 

( If IFPCI, t ICH.POT 
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1230 s 
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899 s 

901 s 

901 s 
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813 V 
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796 s 

796 s 
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775 w 
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746 s 
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704 s 

704 s 

704 s 
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* Position of band shilts with dilution with a solvent, c g benzene 


B Rcacnon of phenvIilicliIoioplio\phinc »irh 'toihinn fliioi ulelowi^cn in acelonilrile 
in the presence of a catalyst 

Only trace amounts of phenylphosphonic difluoridc were detected when air was bubbled through 
the stirred suspension of sodium fluoride in acetonitrile phenyklichlorophosphine for 16 hr at 80 , 
.md most of the dichlorophosphine was recovered unchanged The reaction was more eliicient when 
antimony trioxidc or antimony pentachloride was added as a catalyst 

In a typical experiment, 63 g (1 5 mole) sodium fluoride I 1 g antimony trioxide was suspended 
in a mixture of 89 5 g (0 5 mole) phenyldichlorophosphine and 1 30 ml acetonitrile, and air was bubbled 
through the suspension with stirring at reflux for 10 hr After removal of the solids by filtration, 55 g of 
distillate, bp 40 84 /19 mm, njf I 4740 was obtained, no unreacted CnH^PCI,, was found On 
redistillation, 20 g of a product, b p 37-40 /18 mm (129- 130 /760 mm), nfy 1 4812 was isolated, 
but not identified, while 22 g of the desired pure phenylphosphonic difluoridc, bp 77 /15 mm, 
idf 1 4645 was further obtained Identification of phenylphosphonic difluoride was by boiling 
point, refractive index and infra-red spectrum In another run, the amount of the lower boiling 
by-product was substantially lower Antimony pentachloride was found to have catalytic properties 
similar to antimony trioxide 

C The fliionnation of phosphonic or phosphmic chlottdes hiiIi potassium fliiorosulphinate 

The fluorination was conducted by suspending excess potassiumfluorosulphinatef technical product 
of Ozark Mahoning Co ) in benzene, and dropwise addition of the compound to be fluorinated to the 
stirred suspension, the reaction being exothermic in some cases The reaction mixtures were stirred 
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until the evolution of sulphur dioxide had ceased (2-10 hr), and the products were isolated by 
vacuum distillation after removal of the solids by filtration and distillation ol the solvent 

I) I liioiiiiiinoii with aiiliinoi v tiijliiorule 

These retctions were carried out in a three-necked flask litted with a reflux condenser, thermom- 
eter, and a solivl addition funnel, the latter containing a slight excess of antimony trifluoride The 
r ( I compound, together with a lew drops cil antimony pcntachloridc was placed into the flask 
under nitiogcn An exothermic reaction iKcuricd when the antimony trifluoride was gradually 
added, a temperature of ca 50 60 being maintained Stirring at this temperature was continued for 

I 2 hr and the product was isolated by distillation 

In the specihe examples investigated the addition of antimony pcntachloride could probably have 
been omitted since a niiorinalion ot the C -Cl bond did not occur, and P Cl compounds normally 
react with antimony trifluondc in the absence ol a catalyst 

L Renzoytfiiioi ule as a jiuonnattn^ a^ent 

This compound'"'" was used in slight excess in combination with small amounts ot antimony 
pcntachloride as a catalyst The P - Cl compound was added to the benzoyl fluoride with stirring 
and a temperature of 100 1 50 ' was maintained lor ca 3 hr The fluonnation products were isolated 
by distillation 

r tluonnations ssith soduaii Jltwnde iii lelianieihyleiie sulp/ione (TMSO) 

These reactions were carried out according to the directions of Tcllock and CottMAN'"'" by the 
dropwise addition of the P Cl compound to excess cnen-dned sodium fluoride, suspended in TMSO, 
with stirring The reaction mixtures were stirred at elevated temperature for the period indicated, and 
the fluorides were isolated by distillation, followed by careful fractionation 

Cl Conti o/lecl hydrolvsis of fluoropho^phoranes, 

A typical example is as follows chlorophcnyltetranuorophosphorane'''' '"’was dissolved in a small 
amotint of tetrahydrolurane and the exact equimolar amount of water was gradually added at or 
below 0 (cooling with ice-salt) After the cxvMhcrniic rcacticm had subsided the mixture was allowed 
to warm up to room temperature, and stirring was continued for 0 5 1 hr After removal of the 
solvent the phosphonic fluoride was isolated by distillation in locno 

Other phosphonic or phosphmic fluorides were isolated as by-products on the preparation of the 
corresponding fluorophosphorancs, while cthylphosphonic difiuoride for example, was obtained on 
redistillation of a sample of ethyl tetrafluorophosphorane (b p 32-33 ), which was stored in a glass 
vial over a prolonged period (ca 6 months) 

II niiorinalion with polassinin hifliioride 

The P— Cl compound was stirred with an excess of the fluorinating agent in refluxing benzene 
Remaiks on the aromatic dicldorophosphinalion 

a Preparations In the preparation of aromatic dichlorophosphines the procedure of BtcuNrR 
•iiul I ockhaki""” was followed Boiling points and refraclixc indices were found in agreement with 
the reported data It may be noted that on the preparation of isopropvl-phcii) Idichlorophosphine 
some dealkylation occurred, phenyidithlorophosphine being among the products identified A 
similar observation has been made in the preparation of cihylphcnyldichlorvsphosphine ' 

The tolyldichlorophosphine more closely investigated had bp ‘39 ,5 mm, irf 1 5901 
1 5880, r/j’ 1 5871 The yield w.is between 65 70 per cent A slight dillcreiicc in composition 
ol the isomer mixture as reflected by a small change in letraclivc index on dilierent prcp.irations 
under essentially identical conditions was lurtcd The lack of homogeniety of the product thus 
obtained was also indicated by comparison ot its refractive index with the data for authentic o- and 
/’-tolyldichlorophosphine o, /q’J’ 1 598, p. 1 591, the impuntv m the /i-compound 

probably being the in- rather than the o-isirmer, since the latter has a rclraclive ind^x higher than 
pine pat a) 

The preparation of aryl tetrafluorophosphorancs will be ctescrihed elsewhere B p CH, C,H, 
Pf 1 44 /4 mm Tolylphosphonic dichloiidc was made fioni the tolyldichlorophosphine isomer 

uiixtiiie according to the directions of Toy'"", bp 161-164 18 mm irj, 1 '546 (reported 
"ii’ I 5542) Fluorophosphorancs and phosphonic fluorides were hvdrolyscd by rcpciteii evapora- 
tion With excess water on a steam-bath The mixture of the isomeric tolylpliosphonic .icids and 'he 
""’A D F Toy, / r^mer Chem Soc 70, 186 (1948) 
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jiuie />-is()i7ie( were rt(.iysljll//ed horn v\<i(ei, while (he hydiolysis piiidutl fiDin /r-tolylphosphonic 
dd7ii<)i(dc was (.If/ed tner phosphorus penlo'odc .it 43 0 I nun for 24 hr alter evapor.ifion l<> dtyncss 
7 he gunimv solid I h us obtained w, is dissolecd in a small vi'lunic ol bcii/eric deeoloi izeel with charcoal 
anel reervslalh/ed fiom 1 I htn/'Ciie' -hex.ine to give w lute' ei vslals 

h I cifHiiii phase c hi aiiialo'yi apin A I'sikin blinci Model 154 Analytical Gas ( hromatogiaph 
(K) ll I 4 in column) was used leir the anaKlical wenk 

(,ll PI, at 1 sh (40 eiii ' can lei gas (helium) per mill) I peak at 14 5 nun 

t ,H PO) ^ at 1 ■s2 (40cm' e iiiiei gas mm), I peak at ca P> 0 mm in accoidance with a b p 
t'f c 1 18 s vs Ms toi t , I i PI I 

tll,t,ll|Pli at Is5 (40 cm ' eai I lei g IS mm), 2 peaks (appuivmiate I atio 2 1 3 I)atl2and 
I I 3 linn, lespectivcK 

til t,ll,POr, at l()8 ( tO cm ’ cai 1 Id gas mm) 2 peaks (approvimatc ratio 2 I 3 l)at242 
and 31 1 mm icspcctiscK 

It'll )jt II (,H| POP .U I “'b (4()cm' ciiiiei g.is imn) 2 peaks (appeii vimale latio 2 13 1) 
at Is md 48 min tespecliscly 1 he isomer mixtuic has b p 118 lib 44mm 

Ml I Lins weie earned out tui a eliisodeevi phi ha laic column 1 he lolyldichlorophosphine was i till 
•It 178 oil ,1 eli-isodecsl phthalatc column and at 202 on .i silicon oil column Dt 200 The matciial 
coultl not be eluleil tindei ihecc eiindilioiis .intI sonic chemical change seemed to occur 

1 he piipuativc sepiialion ol the toKlphosphoiuc lliioi leic isomers was earned out on a gas 
ehioiii.itogiaph Vutoehionic 200 (Potomac Instiuments to Spiingheld, Va) with a silicon oil 
(20 pci cent on tire hi ick ) column Ik It Im tcmpcialnie I s4 t How late ol can let gas ea 000 
cm' min Retention times ol Os mill i in} .md 1 10 mm (p) Wcie obseived The idcntilic.ition ol the 
scpaialctl compounds (puiiLv cheeked by analvtic.il VPt ) is deseiibed above 
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THE PREPARATION AND PROPERTIES OF 
PERTECHNETYL FLUORIDE, TcO,F* 

H SriKi and J G Malm 

Chemistry Division, Argonne Ndtion.il I .iboratory, Argonne, Illinois 
( Reii'ii'i'J 10 1962) 

Abstract I’crtcchnctyl fluoride, TcOjl-, has been prepaicd foi the hrst time in gram qu.intilics by 
the ic.iclion ol fluorine with PcOj at I 50 C Its pioperlies arc mtermceliale hchscen Ihosc ol \1nO,l 
and RcO,F It is .i yellow solid vvhieh melts at 18 ^ C to a vellovv liquid The sapour-piessurc is 
icprcsLiited by the lollowing equations Solid ( 8 7H 1S28C) log|„y) 12448 - (42494, T), 
Liqiiid(18 28 5182 1) logm/i 8 417 (20646/T) 1 he boiling poinl extrapolated Iroin \apoui- 

ptcssuic measurements is about 100 C TcO.l is stable at rotim temperature and can be stored in 
nickel ol monel containers It is hydrolysed by w.iler to pcrlecbnclie and hydrofluoric acids 

Ai iiiot (.ill pcrni.iniianyl lluonde, MiiO,b, and perrhenyl fluoride, ReOjF, liaxe been 
known fo! some time,"’ the corresponding technetium compound has not yet been 
isolated Some scanty evidence for its existence was advanced by Siils et (//'-’ who 
discoveied I'cO,!' peaks in the mass spectrum of a mixture of Ted), and IJT^ heated 
to 160 We have now succeeded in preparing TcO,b' in suflicient amounts to study 
some of Its physical and chemical propeities 

Pcrtechnctyl fluoiide can be prepaied by passing fluormc gas oxer TcO_, at 150 
1 his lesLilt IS somewhat surprising in view of (he results of Avnslia e! (//**' wlio 
found Rc'OrF, and ReOF-, lo be (he ma|or products m tlie rcaclion of nuonne witli 
RcO, The volatile fcOT is easily trapped m a diy-icc cooled trap A small 
amount of a white solid occurs as a byproduct It is non-volalile at room tempera- 
Uiic but can be distilled at about 150 C No attempts were made to ideiuifv this 
product at this lime Flowever, it is probably another oxyfluoride of hcplavalcnt 
technetium since it hydiolyses without forming a precipitate 

Pure TcOjF lorms yellow ciystals which melt at 18 3 C to a yellow liquid The 
x.ipoi prcssuies ol solid and IkiukI rcO,T were measured and given in Fquations 
( 1 ) and (2) 


.Solid lcO,T (- 8 78 -18 28 C) 


log,,,/; (12 448 0 059) 

liquidTeO,F {18 28 5182X) 

log,,,/; (8 417 7 0 022) 


(3239 4 16 3) 

- 

(2064 6 ' 6 5) 

T 


( 1 ) 

( 2 ) 


where r IS in degrees Kelvin and picssures in mm Hg at 0 C and standard gravity 
The calculated triple point from simultaneous solution of Fquations (I) and (2) 

* B.ised (in work performed under the auspitcs of ihe U S Alomie Lncrgv Commission 
"A hNca 1 BRi OH r .ind A V Guossi 7 -trttei Chcm Soi 76, 2042 (1954) 

’) R Silts, C R Bai l) 0 ( K ,ind L O Gupairkk I' S A t C , ORNL-1 427 ( 1952) 

I L Avnsiiy, R D PfAccx K and P L Rouinson 7 Clum A(« 1622 (1950) 
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is 1 8 28 C, in good agi cement with the directly observed value of I8 5" The extrapo- 
lated boiling point is about lOO C The heat of sublimation of the solid is 14,832 
cal mole ' and tlie heat of vapon/alion of the licpiid is 9.453 cal mole ^ The heat 
ol lusuin IS 5377 Ciil mole ^ 

file oxylluoride is stable at room tcmperatiiie in nickel or monel storage vessels, 
but attacks even dry Pyrev or cpiait/ fairly rapidly Hovvevei, the vapours attack dry 
cjuart/ lather slowly With excess water TcC),r hydrolyses tea HTcO^ and HF 

L'pon leaction with excess lluorme gas at 400' and 4 atmospheres pressure, TcO,F 
IS coineited quantitatively to IcF,, Tins is also borne out by the fact that in an 
.ittcmpt to piepaie the oxvlluoride by reaction ol lluoiinc on IcO^ m a closed system 
under the above conditions, TeP,, vvas the only product formed 

The piopcitics of TeOT are mfcimcdiate between those of MnOjb and RcOjF 
as shown in Table I 

I Ain I I 



m p ( C ) 

b jv ( t ) 

Colour 

Mn(),l - 

58 

-60 

Green 

lcO,F 

18 3 

— 100 

Yellow 

RcO,!-- 

147 

164 

V el low 


hXPl RIMEN FAL 

Mutenah 

IcOi was prepared by decomposing NHjTcOj (obtained in solulion from Oak Ridge) in a stream 
of dry nitrogen at 300 C The nuoririe gas (98 5 per cent pure) vvas obtained Irom the Pcnnsalt 
Corporation It vvas additionally purified from HP by condensation in liquid nitrogen 

Prepw anon 

TcOjF was prepared by passing fluorine gas at 250mm pressure over IcOj m a nickel tube at 
150 The volatile product was collcxted downstream m a nickel U-tube cooled in a trichloro- 
ethylene -dry-icc bath It was turthcr purified frcim IlF and other volatile impuiities by repeated 
sublimations m an all monel line as described elsewhere *" After purification the yield was obtained 
by PVT rne.isurcmcnts assuming one Tc atom per molecule Because of the radioactivity of technetium 
only small quantities of materials were handled In a typical reaction I 63 g of TcOj yielded 1 16g 
of TcOjF (56 per cent yield) Upon completion of the reacticsn, a gray residue of indehnitc composi- 
tion was found to remain in the boat This residue turned red upon exposure to moist air 

Molciular weight detuminalion 

The molecular weight of the compound was determined by weighing quantities of the gas under 
conditions of known pressure, temperature, and volume m a nickel bulb fitted with a miniature valve 
Weighings were made with an identical bulb used as a tare 

The results based on both the empty bulb weights before and after weighing with TcOiF arc 
given in Table 2 The uncertainty in the determination is due mainly to the increase in the weight of 
the bulb during measurement and the small vapour-pressure of the compound 

Chemical analyses 

Weighed samples of TcO|F were sealed in Pyrex flasks cooled with liquid nitrogen Dilute NaOH 
was admitted through a break seal and the hydrolysis proceeded as the sample warmed to room 
temperature A clear colourless solution was obtained 

The total acidity of the aqueous solution w.is determined by dissolving a weighed quantity of the 
oxyfluoride in a known excess of NaOH solution and backtitraling with HCI TcOjF should hydrolyse 
according to Equation (3) 

TcOjF 1 H,0 ► HTcO, 1 HF (3) 


B Weinstock and / G Malm 7 /norp Niicl Chem 2, 380 (1956) 
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Mol wt 


Pressure 

Weight of gas 

Increase in 

Initial bulb 

i inal 

(mm) 

(mg) 

bulb wt (mg) 

wl 

wt 

17 08 

20 3 

1 1 

178 

169 

22 92 

26 7 

1 2 

176 

168 

20 32 

23 1 

0 1 

168 

168 




Ave 171 - 4 

(theoretical 


I e (wo cquivalenis of acid should form per mole of oxyfluoride hydrolysed It was found that 

0 935 mmoles of TcOjl liberated 1 879 mcquivalcnts of acid, in accordance with theorv It should 
he noted that the other two possible hcptavalcnt oxyfluondcs, IcOiT, and TcOf would liberate 4 
and <t equivalents ol acid per mole, respectively 

I luoiinc was determined by titration with Th‘ using sodium alizarin sulphonatc as an indicator 
Technetium was determined by counting aliquots in a calibrated PCC-10 counter From the total 
weight, oxygen was determined by ditference Analyses on two dilfercnt s,implcs gave the following 
results Total sample I 174 2 mg, 1 ound Tc, 102 5 mg, F, 21 7 mg, O 50 0 mg Calc Tc, 
103 8 mg, }, 20 0 mg, O, 50 3 mg Tc O F 1 3 02 1 10 Iota) sample II 155 2 mi;, found 
Tc, 90 0 mg, F, 19 5 mg, O, 45 6 mg Calc Tc, 92 5 mg, F 17 8 mg, O, 44 9 mg Tc O F 
13 14 113 

1 SSIIU’S 

Vapour-pressure measurements were made on a one gramme sample in a quartz diflerential 
Bourdon gauge used .is a null instrument A description <.>1 this app.iraius and its manipulation is 
desci tbed elsewhere The overall sensitivity ol the gauge was ^0 02 mm Hg The thermostatted 
bath w.is regulated to ' 0 01 C .is measured with a copper const.anian thermocouple which had been 
calibi.itetl .igainsi a NBS platinum lesistaiue thermometer The s.ipoui -pressure equations were 
dcrnctl by the method ol least squares Lqu.ition (I) icpiescnts eighteen points and equation (2 
tlnrtv-ninc points 

\ft/t(/ig point 

T he melting point of TcOjF was measured m a thm-walled Kcl-F capillary 

Uknonhd'pum-iU -Wc wish to thank Mtss I M Fox ol this laboratory for pcriorming the fluorine 
in.ilyscs 

B WuNsaoc K, F T WcwrR and J C> Maim, 7 //toig \iul C/iem 11,104 (1959) 
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COMPLEX FORMATION BETWEEN ORGANIC 
THIO-ACIDS AND GERMANIC ACID 

L R Clark 

Cdllcgc ol Advanced Pcchjiology, Oosla Green, Rjrmingliam, 4, 1 ngland 


{Ren'ncil August 1462) 


Abstract The icaclion bclsvecn some organic Ihio-acids and gcrmanic acid in aqueous solution has 
heen investigated C'oiidticlivity studies show that gerinanie aeid reacts with thioqlveollie acid, 
I -mcrcaplopropKinie acid and Ihiomalie aeid to lorm 1 2 complescs in solulums of aeid pU value 
Gctmanic acid docs not complex with 2-mcieaptopropionie aeid I’otcntiomcti le tiliation of the 
complex acids show that germaiiothioglyeollie and gcrmano-1 -mcreaptopropionic acid behave as 
d ihasic acids w ith /lA', values of 2 05 and I 92 respectively in 0 I M K('l and a ligand eonecmration of 
0 02 M Ciermanothiomalic acid behavesasa tiibasic acid With /lA, I 91 under the same conditions 
The complex acids appear to be decomposed giadually astilration w ith alkali proceeds bc>ondpH 60 


Many e'ompounds of Iransition metals are known where sulphur is bonded to the 
metal Dithio-oxalatcs of nie'ke'l. palladium and platinum were described some time 
ago Thioethcrs may act as ligands, examples being (Ft^SKPdCl,, and C,H 4 (EtS)j 
PdClj Nickel (IV) may be stabilized by organic thio-acids Thiocarbamide and 
ethylene thiocarbamide arc known to stabilise the cuprous state through - bond form- 
ation Copper IS co-ordinated to sulphur in such compoimds as Na[Cu(S>0^)] and 
(NHjlrJCutSjO,),] Sulphur-containing ligands such as Me,S. (CH,), S, (HjN)_> 
C Scan displace c)clohcptatriene fioin C-H,,Mo(CO), to gne sulphur complexes 

Apart from sulphides, examples of compounds containing iion-transitional ele- 
ments where sulphur is directly bonded arc \ciy few Antimony deiivatives of mer- 
capto acids have been reported More recently complexes of Gef^ with sulphur 
donors have been prepared The icaction between germanic acid and various hy- 
droxy acids has been investigated in detail Replacement of the h)drox\l group by 
fIS gives a series of thio-acids whose complexing abilities have not hitherto 
been investigated Four acids which are obtainable in a good slate of puril> were 
chosen for the study — two containing a-SH groups (thiog!}collic acid and l-mercap- 
topropionic acid), one containing a /^-SH group (2-mcrcaptopropiomc acid) and 
linally one containing an SH group which is y- to one -COOH group and f>- to 
another — COOH (thiomalic acid) 

r G Cox, W Wauivlavv. K C Winsri-R y (hem hoc 1475(1945) 

‘ ' W I In HI R and R Bru< k Niitiii »i\H’iisclHilleii .46, 312(1949) 

'"Cl Spa( II and r G MUHOVihscu Chem ^enn (i) 3422 ( ii) 5 35 ( 1 940) ( i) 1426 ( 1 941 ) 

'"I A ConoN and b Zinoai rs f /icm and liuhein 1219(1960) 

" Y ij-Ylian Hsu n et a! Hna Jhiieh HmicIi Rao 23. 105 M ( 1957) 

'' R C Ac.c.arurai and M Onvszciii'k /’on J (hem hoc 20.(1962) 

' ' t R Cl ark / /(Kirg A/iic/ Chem 21, 466 74 (1961) 

'1 R Cl ARK, I’h D 1 hesis I ondon (1960) 



F' R Clark 




rXPl R IMf-N FAL 

Malcmth 

Spi^t-lmgiaphiLjilv-putL quail/-l)p(. GeOj (99 98 pei cent) vsas used lorall experiments Puiitics 
<)l the thio-acids as dciei mined by titratnin were Ihiogljeollie aeid, 98 0 per cent, thionialie acid, 
99 4 per cent , l-nieieaplopiopKinie acid, tOOpcreeiit, 2-mereaptopropionie acid, lOOpcrcent The 
racemic fiums ol thiomalic acid and l-mereapli)piopionie acid were used It w.is assumed that the 
only impuritv in tliiL'gl).eollie acid was w iter and no attempt at puiitieation was maelo 



I !<■ 1 Condiietis 11 les of mistuies of 0 04 M CieO; 
and 0 04 M lliio-aeid • tliiomalie acid and Geo 2 , 
tliiomalie .leid.ilone, T thioglyeoihe acid and 
GeOj thioglyeollie ,ieid alone, ■ 2-niercap- 
topre'pionie acid and GeO. The eviises lor F-mcr- 
eaptopreipionie ,ieid anel GcO^ are almost identical 
with (hose of thioglyeolhc .teid and GeO. 


Mo'e irai 'hio - nr ,1 

Merhoils 

Conductu iiv and i>ir '.Indies The thio-acids of 0 04 M concentration were mixed in various molar 
proportions with 0 04 M solutions nt Ge(9. The conductivities ot these solutions were detcimined 
w ithin four hours although experiments showed that seslutions weie stable for three weeks provided air 
was excluded The pH values of solutions of the germanothio-acids and the parent acids were also 
loLind to remain constant under the same conditions 

The conduct IV dies of the mixtures weic determined by using a M til lard conductivity bi idgc and dip 
type cell All measurements were made at 20 C 0 1 C and are given in ohm ' cm * (F-ig 1) 

Potentiometnc iilralion A glass/'ealomcl electrode system was used w Inch W'as standardised with a 
BDH buffer of pH 4 0 The cell used for the potentiometnc titrations has been described in a previous 
paper Fifty ml aliquots of the gcrmanothio-acids of ligand concentration 0 02 M in 0 1 M KCl 
were titrated with 0 348 IN NaOFd, the mixture being agitated by a flow of nitrogen gas The pH was 
measured after each successive 0 I ml addition v>f NaOH tquilibrium was attained within 1 min 
The titrations were repeated on 50 ml samples of 0 02 M thio-acid and 0 1 M KCl 


DISCUSSION AND RIiSULTS 

The results of the conductivity experiments on mixtures of 0 04 M solutions of 
GeO^ and 0 04 M thio acid are shown in Fig I Well defined maxima occur at molar 
fractions of 0 66 thio-acid for all thio-acids except 2-mercdptopropionic In the latter 

E R Clark, / /norg Nud Chem 24,81-91 (1962) 
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case the conductivities of mixtures of 2-mercaptopropionic atid and GeO^ virtually 
coincide with the conductivities of the thio-acid alone (lower curve in Fig 1 ) 

The results show that germanic acid forms 1 2 complexes with thioglycollic, 
l-mcrcaptopropionic and thiomalic acids in aqueous solution Thio-acids containing 
/1-SH groups evidently do not enter into complex formation The method of continu- 
ous variations as used here has been the subject of some criticism Analysis of 

the potentiomctric titration curves of the complex acids (Fig 2) indicates, however, 



Moles No OH / ihio-oc)d 

Flo 2 — Potentiomctric titration curves for the complex thio-aeids and the parent acids 
• geiinanoihiomalic acid, i i thiomalic acid, A gcnnano-l-mcrcaptopropjoniL acid 
A 1-mcicaptopropionic acid The curves loi germanolhiogl)collic and thios;l)eollic acid 
are similar to those of gcrmano-l-mtrcaplopiopioiiic acid and l-nicicaptopiopionic 

acid ics|sccliveb 

that the Henderson equation is obeyed for the first pai tof all titration curves, indicating 
that only one species exists at lower pH values 

The results of potentiomctric titration of the complex acids arc given in Fig 2 
i or gcrmanothioglycollic and germano-l-mercaptopropionic acid neutralisation is 
clearly a two-stage process, the primary dissociation constant A, of the complex acid 
being larger and the second dissociation constant A, being smaller than that of the 

F WdLDHYt C/ie/r; Scancl 9, 299 309 (1955) 

M M JoNis, y Ainer Chew Soc 81,4485 7 (I95S) 
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pjrcnt acid In tlic case of germanothionialicacid the curve for the complex acid and 
the lefeieiKC ciiivc i e tliat containing thiomalic acid alone, intersect at a mole ratio 
of NaOH,t!no-acid of 1)66 which is one third of the way to neutralisation This 
indicates that the titration of the complex acid is piobably a three-stage process, the 
prmiai\ dissociation constant ot the complex acid being gieater and of subsccpient 
stages being smallei tlian ihose ol tlie paienl acid 


) i<i 1 I’lol ol "In ' .leilinvt ‘ i ’ foi 
the p.iicnl aciilc I list elaec lilia 
lioii.c't tIuDinalic acid, lliioglycollic 
acid l-iiicicaplopic'pK'iiic acid 


c c 5 j lb oa e j i > 

% . 10 " 

Analysis of the titration curves was carried out by the procedure recommended by 
Gagf*’-' The dissociation constants for the complex acid may be calculated by 
re-arrangmg the Henderson equation thus 

/i V Kl a V 

where K the classical dissociation constant, c ^ total concentration of acid, x 
a t- h - K\\ jh where a concentration of added alkali, /; ^ hydrogen ion concen- 
tration, A'u//) hydroxyl ion concentration The plot of hx against v should be 
J C Gage, Analysi 82, 219 (1957) 
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a straight line of slope K Figure 3 shows the results for the parent atids, pA values 
are given in Table 1 

Figure 4 shows the plots of hx against x for the first stages of titration of the ger- 
manothio-acids and the corresponding pA" values are given in Table 1 Deviation from 


Tahi f 1 



pA, 

pA, 


1 hioglycollic acid 

3 50 

- 

- 

1-mercaptopropionic acid 

3 61 



7 hiomalic acid 

3 22 

4 69 

- 


3 25* 

4 57* 


Cicrmanothioglycollic acid 

2 OS 

5 40 


(icrmano-l-mcrcaptopropionic acid 

1 92 

5 70 

- 

Gcrmanothiomalic acid 

1 91 

4 40 

5 50 


* tty Sim \kman s niclliod'"’ aclivity coclticicnls taken as 1 



« » lO’ 

t-io 4 Plot of "In ' against “ C lor the complex acids • I list stage of titiation of 
gcrmanothiomalic acid , ▼ (irst stage of titration ot germanolhioglycoMic acid , ▲ tirst 
stage ot titration of gcrmano-l-mcrcaptopropionic acid 

"J C Spiakman, y Chein Soc 855-9(1940) 
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the straight line relationship occurs towards the end of each stage and in this region it is 
possible that hydrogen ions Irom the second stage arc being replaced before the first 
stage IS complete Application of the Snr \kman"*’ method does not give straight line 
graphs, hciwever, and it niav be infciied that some decomposition must occur during 
the second stages The plot of /i\ ag.imst \ shows a sliaiglit line relationship only for 
the central portion o( each plot Thus values toi pA.^ and pA , (or the gerinanothio- 
acids in fable 1 arc only appioxiniate since it is considered that some decomposi*ion 
occuis around pH 6 in each case 

Ci'inpai ison ot the results tor the gei manothio-acids with those of the correspond- 
ing germanohvdrovv acids'’’''^ shows that 

(I) replacement ol the oxvgen m OH by the iiioie easily polaiisahle sulphur gives 
a complex acid with lewer allached ligands, le germanic acid torms 1 d complexes 
with glyci'llic and malic acids but with Ihio-gKcollic and thiomahe 1 2 complexes arc 
formed I he reactions between gei manic acid and an organic hydioxy acid may be 
written thus 

H.GcOj 3H.L GeLA 2H ' 3HP 


or more fully 


COOH 

I 


R— C-OH 

I 

H HO 


COOH 

1 

HO— C— R 
OH H 


O C- 


For the thio-acids 
or 


Ge 

H li H 
o o 

I 


C— R 

I 

H 


COOH 

1 

R— C— O 
H Ge 
O 

O C - 


COOH 

I 

R— C— SH HO 

I 

H 


COOH 

! 

O— C— R 

I 

H 
O 


3H O 


C— R 

1 

H 


H.GeOj 2H.L GeL,- 

COOH 
OH HS— C— R 
Ge H ' 

II 

O 


2H i 2H O 
COOH 

I 

R— C— S 

- I 

H 


Ge 

I 

O 


COOH 

I 

S— C— R 

I 

H 

2H,0 


Thus for the Ihio-acids the hydroxy of the carboxylic group need not be involved in 
the reaction However, the case of thioinalic acid is interesting in that this acid con- 
tains one —COOH a- to the SH and one ft- to the SH and yet the complex acid is tri- 
basic Presumably one of the — COOH groups enters into complex formation 

H.GeOj , 2HjL [HO GeL,]-> i 3H | 2H,0 


or 


CH.COOH 

I 

HOOC— C— SH HO OH 


CH.COOH 
HOOC— (!:— S 


OH 


Ge _ 

II 

H O H 
O S 

O^C c!:H CH.COOH 


I 

H Ge I 2H.O 

o' S 

I I 

1 I 

O C — CH CH.COOH 
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(2) Even though the number of ligands is fewer when sulphur is involved the basic- 
ity ol the complex acids is the same, t e both germanothioglycollic and germane- 
glycollic acid are dibasic and gcrmanothiomalic and germanomalic acid are tnbasic 

(3) The germanothio-acids arc stronger acids than the corresponding germane- 


hydroxy 

glycollic 


acids, cp pA'j gcrmanoglycolhc 3 73 in 0 1 M KCl, pK^ for gcrmanothio- 
2 05 under same conditions 
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CONDUCTOMETRIC AND SPECTROPHOTOMETRIC 
STUDY OF THE SYSTEM MANGANESE CHLORIDE- 
SALICYLOYE HYDRAZIDE 

M S K A( miAWAiiA and Aid N K Bhaii\(harya 

IXpditmi-nl ot C hniiislry, (jiiiM-isity nt Sdugdr, Sdugor, ( VI P ) India 

(/?<’( ('ll (■(/ 21 iii'^iisi 1%1, in I Cl I sell foi HI h Scpicnibcr 1%!) 

Ihsirdil C (indLn.(oinctrii. and spcLlropholdiiiLti ic niclhods show that manganinis chloride and 
s ilicyloy I hydr.i/idc lorni a 1 I complex, the dissocial ion constant is 9 7 10 ' at 26 C A structure 

lot the complex is suggested 

Riaciions of salicylic acid and its vaiious dcri\aii\cs with an appreciable 
number of metals, especially those of the transitional groups," ha\c been studied 
by physico-chemical methods, and it has been obsersed that the above ligands 
geneially behave as strong complexing agents With the exception of the manganous 
salicylaldehydc complex**'' there is little information on the reactions of salicylic acid 
and Us deiisalives with manganous ion The present communication deals with a 
conductometric and speclropholometnc study of the manganese (11) salicyloyl 
hydraztde complex by Job’s method*'”', only a few complexes of the latter have 
been reported previously **" 

r XPI RIMLN TAL 

\ mixtuio ot 30 4 g ol methyl s.ihcyldlc and 14 7 g ol hydra/inc hydiale were mixed together and 
renuved on a water bath for about 2y hr the product was then cooled, and the pink solid mass 
ciystalli/ed twice from hot water (m p 146 5 C', in agreement with the reported value ) 

A to per cent solution ot dioxan (BDlt) m water was utih/ed as a solvent as sal lev ten 1 hvdra/idc is 
insoluble in water Job's method was utili/ed todeleimine both the composition and the dnsixiation 
consi,inl of the complex Measurements ol optical density as a lunction ol wavelength lor mixtures of 
thicc dilTeient compositions (1 1,1 2 and 1 1) indicated maxima at 240 mu and 100 mu irrespective 
ol composition, indicating the loimation of a 1 I complex 

( tniipiiMiunt of the complex 

(\ set of mixtuies was prepaicd Irom es)uimolar soluticms keeping the volume constant at 20 ml 
Two blank solutions of the metal and ligand were prepared eoriesponding to every mixture The 
eleetneal conductance of the mixtures and corresponding blank solutions was measured and the 

Bamko, J hen Client 17,441(1947) Zauuhkaxa 1 ah 13, 641 ( 1947) 

' Miiikoika and Virma, J Jinliati C hetn Sot , 39, 181-90 (I95S) 

' Banos and Paiitrson, J Amet Cliein Soc 73,3062(1951) 

"Ms Kvciiiiawama and Arun K Bhai i a( iiarv a, /';<>( A«t Uml Sii 29 (IV)\, 115 319 
( 1 960) 

’ Arun K Biiah acuarya cf u/ , 7 Sii liul Hex 18 (B), 15 1 ( 1959) 

M Ml Y and MrLLOR JV«riue, 165, 451, 1950 Ann C/iini \(9) 113 
'on C R Acatl .S(/ , Pru/c, 180, 928 (1925) 

'vl S Kac uhawaha and Arun K BiiAnAtiiARV a ^ J/img I hem 315,104(1962) 

I viiAi PURWALA, Ph D thesis. University of Bombay Indi.t (I960) 
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JiUtrciKi. Ill ^ondiii.(AiKi. iii\ iiicd b\ (Ik sum oi the conduct i\ itics of the coticsponding blank solutions 
was [tlottcd at;ainsl Ihs composition of the niistiiic’s It was lound that, iricspcctive of the concentra- 
tions the niasiina coi ics|sondcd to the foimalion tsi a I 1 complcv A specli ophotonietric study 
iisiii" M loot) solutions 111 both leagcnts showed the eoinposition to be the same and it was feiund 
th It at the wavclcngtiis 220 2 tO <uid 'iOO m/i 

tiilhm (onstiuit 

[ he’ same pioeedu'c w is adopted eseept that the solutions weie not ee|uimolar 1 he dissoeiation 
eoiislant w is <leteiinMicd lioin the gciiei.tl lomiul i for a 1 I complex, \ i/ 

^ U(/> l)(t ^1)1- 

(/) lit I 2v) 

vshcle 

K dissociation eonslant 

( Loneeiitial ion of mel il loii 

/I latio ol the eoneenli ilions of met.d liid lie.iiul 

\ fi action ol the I ig iiist piesent in the ci|uihbi iiiin mixtuie coi lesponding to the maxima in the 

elll \Ls 

A was lound to he 0 7 10 ' at 26 0 1 C' (1 ig I) 


Mn Solicyloyl - hydfo/ide Dissociation Consiont 



Fig 1 


Sliuctuie oj r/ie complex 

The metal ion may be expected to co-ordinate with the basic group as in the case 
of copper ammoniate It has been found by earlier workers'"” that the protons 

BRALiOf and Nachod, Deternnnalioii of Organic Structures by Physical Methods p 644 Academic 
Press New York (1955) 
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attached to the basic nitrogen are displaced at the same time as the phenolic proton, 
and the structure of sahcyloyl hydra7ide, vi/ 

H H 


tsl 

I 

c 


N 

I 

H 


\ 


O 

H 


O 


indicates the possibility of forming an additional hydrogen bond besides that em- 
bracing the kctomc oxygen and the phenolic hydrogen This would cause the phe- 
nolic hydrogen to be less strongly held by the ketonic oxygen, and hence the phenolic 
hydrogen will be more readily ionized, leading to complex formation between the 
phenolic oxygen and the ketonic oxygen The following structure therefore seems 
to be a likely one 

- H H 

N N 

I 1 

C H 

r i \! 

O Mn 

H.O 


irkiion li cl^’nu'iii The authors wisli to txpioss ihcir gKitiiudc lo Pioltssor \ K Biuirci h\rs \ for 
his \aluable suggestions from tunc to time 
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A PREPARATIVE STUDY OF THE REACTION 
BETWEEN ANTIMONY(III) BROMIDE AND 
AMINE HYDROBROMIDE COMPOUNDS* 

R D Whlaiy and R L YFAMhYfJ 

Dcparlmcnt ot Chemislry, Agricullural and Mechanical College of Texas, 

College Station, lexas 

( Rc’ccirci/ 24 -</>/// 1961, in u'l i seel form \0 Aiigiisl l^)b2) 

\bstract I he le.ietions between antimony tribromide and twenty amine hydrobrt'mides were 
studied The complex cemipounds feirmcd were rcerystallired analy/ed for bromine and antimony 
eonteiil, their melt mg points and qnalitatiec solubilities were elctei mined Analytical results indicated 
lilteen of the complex compounds had bromine to antimony ratios ol 5 to 1 , tour of the compounds 
had hi online to antimony ratios of 6 to I , one of the eompounds had bromine to antimony ratio ot 
9 to 2 

Tiir syiitbcsis of compoutieis of the type R^Sb^Bi,, where R represents either an 
aliphalic Ol aromalic atinnc. has been known since Rosfnhum and Sffilman'” 
rcpoitcd tlie prcpaiation of (Cr,H5NH)^SbBr7 from the reaction of pyridine hydro- 
bioniidc and anlimony(III) biomide in an acid solution saturated with bromine water 

I he same general procedures with minor \ariations were followed by Wfinland*-', 
li'iiKMM,*" Pi i/ot i),'" Hays,'’’ Camn,"’’ Brai i r'"’ and Lamchia"'’ with a wide 
variety of types of compounds reported (1) RSbBr 4 (2) RSbBr^ (3) RSbBr- (4) 
K.SbBi. (s) R_,bbBr<, (6) R^ShBr^ R..SbBr„ (8) R,SbBr, (9) RjSbBr,, (10) RjSb.Brj 
(I'l) RjSb,Br,i'(l2) R,Sbd3r,, (13) RjSb.Br,-, (14) R,,SbjBr,, (15) R^Sb^Bri^ (16) 
RSbBr,3HBr Voi rna/ika''" dissolved a number of solid bromide salts in an 
acetone solution of antimony(lll) bromide He isolated a number ot complex com- 
pounds which had (he genenil foimula A_,Sb,Br,, in which A represents an alkali 
metal ion 

rXPTRIMI NTAl 

\/an I mh 

Vnlimonv liibrumidc w is prc|i,iicd troin ic.igcnl gi.idc .inlimony liioxidc Musi ot ihe .smines 
Were while label Taslman ehemieals .mil wcie useei wilhoul luriher pui ihealiun All se'lvents were 
leageiu glade 

A u< ((/(//< 

Ihe aiitimoiiyd tl ) bromide solutions weic piepare'd by dissolving icageiil gmde anlinumy 

II loxide 111 ,in exeess ol hoi hydrohieiiiiic aeiel f his solid ion was made lo dehnite \ olume and aliepiot 
I'oiiions used in the individual syntheses the amine lndri>bromides were piepared by aeldmg an 
exeess of hydiobroiiiic aeiel to the amine Ihe salts weic not isolated md sullicieiit 95 per cent 

^ 1 Ins wuik was pailially supported by the f S Aimv Research Ollicc Duibam 
' Itceipicnl ol employee linancial aiel tiom the T)ow Chemical Company loi giadiialc study 
1 Treseiil addicss 1 ex is Insti unieiit C omp iny Pallas lexas 
C R< >si Nui IS) and W Shuman Iki finni Otw/i 0< s 34, tt77 ( [9011 
H I Vvi iM and and C Fiiirt./Ji; Cinm l)l\<li CJum 36, 294 1 1903) 

I t I'llii \iM and S WllNBlRCi Iki Cluni (Inin 42, 4477 (1909) 

‘ W PiixDii) / tl/,,/- (Jwm 215 . 92(l9tt) 

I A Hws.y inid Client .Soi 24,360(1902) 

K M CwiN, />M>r Cinm Sot 21.187(1905) 

C IlHAiini and W T) Si hnii i , / fr/o/g Cinm 287, 87 ( 19s(i) 

''1 I VMiMiN, \V Pill. H and A M Sih'iiin. 7 C'hcm Soc 4418' (1954) 

^ til VoiiRNA/oiis, Z Inini; C lu’in 192,369(1930) 
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Lthaiiol was added to dissolve anv sail previpilate' The walei eontcnl of ihe" solutions was held to a 
ininiinum sinee the dcsiied prodiiets tend te) deeomposc in dilute aqueous solutions \pproxuTiatcly 
tell moles of the amine h\ di obromide was adelcd loi each mole ol the antimony (111) bromide used 
in e ah else The complex salts usu div loimeil immediately and in all cases pie'cipitalion was 
eomplete in a shoit time The lesulting eivstals weic separated bv vacuum hllration through a 
Ihiehnei funnel and rinsed lirst with isopiop.niesl and then with diethyl cthei The compounds were 
ieer\slulli/ed liom isopiopanol or acetone and diethyl ethei was use'd when necessatv to induce 
pieeip't ilion Ihe pioduels were washed with eliethyl ethei and eliieei m a vaeiium desieeator 

f’h I ! K it! ft Opi ! IlL \ »/ lilt I t)»tjM>llllll\ 

rile eompounils aie ill yellow \ irviiij; somewh.it in sh lele .inel the \ irialion m sh ide does not 
seem lo he related diieellv to the fi letion ol intimony m Ihe eompounils The compounds are 
|iiobabK soluble m w.iler but .ippaienllv imdei';o .in immeiiiile decomposition tormmg SbOBi 
w hah precipit, lies Thev aie quite soluble m meth.inol less soluble m t th.mol .icetone and isopio- 
p.mol The eompounils .ire only slightly soluble m diethyl ether and insoluble in ehloieilorm caibon- 
telraehloi ale ben/ene .ind petroleum ethei I hen solubility seems to be diieelly piopoMion \1 to the 
dieleetia eonsl.iiit of the solvent All ol the eoinpiuinds melted over a i.ithci smtil i.inge except 
bis-pipei almiumpenl.ibroiiKi.mtimon ite(lll) .ind I f>-hex.me-di immomiimpcnl.ibiomoanlimon.ile 
( 1 1 1 ) which decomposeii .it .i tempe i tluie ol iboiit 2S0 C T he mellini; point temperatures aie shown 
111 I able 1 

initial It til piiKctlmc tunl n \ull\ 

1 he mlimony vvas determined by oxidation vvilh iodine solution which had been standardized 
with primary standard arscnious oxide The samples weie dissolved in a 10 per cent t.irt.iiie acid 
solution and bullered with .t satui.ited solution ol sealium bicarbon.ile A starch solution was added 
as the indicator Ihe bromine content of the compounds w.is detciniincd by titration vviih silver 
nitrate which had been stand.irdt/cd using pnmaiy standard sodium chloride Ihe end point was 
dcteimined potentiomctrically using a siKei indie. itor eleetiocle with a merciiry-meietiiotis sulphate 
icfeienee electrode The results of the analysis arc shown m fable I 

DISC I'SSION 

Moli I fit''®' says that antimony forms either tetrahedral, stiuare planar, or octa- 
hedial coordinate compounds, the latter being the most common At tlie initiation 
o( this woric it was assumed the bromine to antimony ratio would be 4 lo 1 or 6 to I 
m the expected products fifteen of the compounds prepaicd gave analysis which 
indicated a 5 to I ratio of biomme to antimony All of these compounds had small 
melting point ranges except two winch decomposed at relatively Ingh temperature 
One compound tris-di-ethylammomnmhcxabromoantimoMatc(JII) was prcp.iicd m 
relatively high purity and had a short melting point range The reaction of di-n- 
propylammonium hydrobromidc with dntimony(ll I) bromide resulted m a compound 
for which the analytical results indicated it to be tris-di-n-propylammoniumhexabro- 
moantimonate(lll) This material gave substantially the same analysis upon repeated 
recrystallizations but always had a very wide melting point range 

The existence of pentabronio antimony complexes is not a necessary corollary of 
analytical icsults of solid materials which sIhtw a 5 to 1 bromine to antimony ratio 
There are at least five possible explanations of these results only two of which involves 
a pentabronio complex 

(1) The complex ion could be in the form of a trigonal bipyramid 

(2) analytical results would not distinguish between R^SbBrj and R^SbaBr,,, 
The R^SbjBrjn compound would have two octahedra with antimony atoms 
at the center with bromine atoms at the corners of the octahedra w'lth two 
bromine atoms shared by the antimony atoms 

T Moi 1 1 I r Iiidi panic Chcini'itry An Atlranccd Textbook p 269 .1 Wiley and Sons, New York 
(1952) 
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(3) Bvstrom and Wii hjlmi*"’ reported a study ol a senes of antimony fluoride 
complex compounds similar to ones icported in this papci hrom X-ray 
diffraction studies they concluded that the ShF- gioup existed as a regular 
octahedion with the lUionne atoms at five corners and an unshared pair of 
electrons at the sixth position 

(4) 'i he compounds could be double salts ccunposcd of tctia cooidmatcd antimony 
and bioininc with one mole ofaminc hydiobiomide 

( *') I he solids obtained weie mixtures ofthc tetra coordinated complex and amine 
hvdrobiomidc salts The consistent analytical data obtained on lepeated 
1 ccrystalh/ation of these materials would seem to make the tilth alternative 
verv iinpiobable il' not impossible 

Since the systematic syntheses o) compounds vvhicii had a 5 to 1 bromine to 
antimony latio was unexpected, an attempt was made to cany out a series of reactions 
under quite dillerent conditions 1 he reaction ol cv'clohexy I amine w ith anlimonyt II I) 
bromide was used because it seemed to be the compound most easily made m high 
purity The four different procedures were 

(1) the amount of .imine hydrobromide icquired to lorm the tetrabromo conr- 
pound was used 

(2) three times the amount leciuircd to give the pentabromo compound was used, 

(3) ten tunes the amount required to give the pentabromo compound was used 
and the amine salt was added to the antimony(lll) bromide, 

(4) ten times the amount required to give the pentabromo compound was used 
but the antimonyt 1 1 1) bromide was added slowly with stirring to the amine 
hydrobromide salt solution 

After the same washing and drying procedures the pioduct ol the four different 
procedures had the same melting points and identical analytical results within the 
limit of experimental error The only variation was m the amount ol product which 
increased as the amount of amine hydrobromide salt was increased Attempts to 
prepare the pentabromo compounds using di-n-propylamine and di-isopropyl-amine 
by decreasing the ratio of amine salt to antimony(III) bromide were unsuccessful 
The decreased amount of salt merely decreased the amount of product but always 
gave the hexabromo compound 

'“’A HvsrRovi anti K Winin \ii, Atkti Kemi ,4,461(1952) 
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THERMODYNAMICS OF SOLUTION Oh SOME 
INNER COMPLEX SALTS -II 

M M JoNis A T Davila, J F Hix, Jr and R V Dilis 
IXp.irtmcnt nf C htnuslry, Vandcrbill Univtisity, Nashville 5, Icnnesscc 

( Rei i II I'll 1 8 June 1 962) 

Vhstract I he solubililies of ehromiumnil) aeclvlacclonate uranyl aectylaeetonale monohvclrale, 
nid llie manyl oxinate eomplex coiHaining an aikhlional niolcsiilc ol oxine have been lielermined in 
sevcial solvents over a range ot temperaUires 1 hese solutions appear to conlorm approximately to 
I liklehianci’s eritena lor regular solutions The se>luhility parameters of these eomplexes have been 
ev iliiatevl, and the thermodynamie lunetions lor the solution processes have been cdeulaled The 
eonstaney of the solubility paiameters toward vai lous solvents suggests the possibility of prcdietion 
ol the solubililies of these iriatcrMls iit non-polar solvents I he molal volumes of solutions of some 
highly symmetrieal oetahcdial complexes in bcn/cne are found to be repiesenlcel vciy aeeuralcly by a 
linear cijualion in terms of mole fraelion 1 he pre-diclion of solubility parameters Irom the structural 
features ot the inner complex salts is possible by the extension of Small's proecdiire for organie 
eompounds 

In an cailici papci,'" reporting measuicnients of tlic bolubilitie's of a number of inner 
eoinplex salts in a variety o( solvents, it was suggested that the data could be systema- 
tized by the use o( the concept of the “regulai solution’’ as intioduccd and expounded 
by Hildi IJRAND <-•*' This piescnt work had thicc goals hrst, to extend this treat- 
ment to some other types of inner complex salts, second, to examine the pattial molal 
volume ot the solute with respect to concentration foi some ol these solutions, and 
thud, to establish whether or not these solutions weic siiHiciently tegular to enable 
the prediction of the solubiiilics of innei complex salts m vaiious non-polar solxents 

LXkhRlM LN PAL 

,\hil( I Ill/s the ebroniiLimt 1 1 1 ) .icelylactlonalc was oblaiiitd fruin the M ickenzic Chemieal 
XVuiks, (’cntral Islip, t oiig Island, NY the eobalUlll) aecty lacvtonale was prepared and purified 
iiMiig the method given in S\iiihese. Them inyl visin.itc vi'ntainmg an extra molecule of 
oxmc w IS piep.ircd by the method of van Tassu ,ind XVi ndi vnd i ' and the uianv I aecly lacctonalc 
monobydiale w \s obtained by a modilicilion ot the mcthvHl of Bin / and Ciistu "' This modi- 
lie ition coiivixled of the slow additiein of a solution ol sodium bicarbi'ii ite to a rapidly stiired 
solution eonlainiiig manyl nitrate and an excess of acctylaeclonc. until the pH ot the solution 
reavlie’dT 5 f he piecipiLatc wlucb bad formed was collected and dried in air This product, inalvzed 
l"i Its uranium content by ignition to L),0,, was fvnind to cvwilani 41 01 "„L', which conip.tres 
I ivouiably with the theoretical v.ikic of 40 68 per cent 

I he solvents used lor a huge part of this vve’rk were of reagent or C P grade ami vv etc used w ithoiit 
luiihcr pmilivalion, csccpt for the benzene usevi in the study vvf the putial mvi| d vvviumes of 
( o(C H (), ), and C’rtC.H-OPi T his w.is purified by distill itum and the nialeri d used had a refractive 
indwot I 4970 at 27 4 1 immermans''' gives a leliaclivc invics of I 4979 lor the pme sob cut at 25 

” M M losjis, J L WvToti and W R Max J liioi" Vm/ C /uiii 24. H)5(I96I) 

’ I II Hn nniRAMJ and R L Sroi l , T/ie .S’o/nAi/j/v «/ A'oui'h c no/) ti v Remhold New \ oik. (1950) 

I H lliiniBRANi) and R L Scorr, Hci^iiliii \«liiiioii\ Picnt ice-Hall, Inglewood ClitTs. NJ 
( 1962 ) 

'' B [ BRXANrandW C IrRNiiic's /noigmin A'lnr/ic’sev (I vlitett by T MontiRlXol p 188 
McC.r,iw-Hill, New York (1957) 

J H VAN TASsrr and W W Wi niji andi , 7 4inci C/it’iii Sih 81,814(1959) 

I ^ Bn 1 / and J A Ci inch, /f 4/ioig C/nni *40, 221 (1904) 

'J diMMiRMANs Pli\iiro-Cfu’iiiiC(il CoiiUiiiils of Piiic OigmiK ( onipoiiiuh p 147 flscsier 
I'liblishing Co , Amsterdam (1950) 

.469 



■iTO M M JoNis, A [ Davila, I t Hiv Ji and R V DiiTS 

Mcthoils 1 iic siiliibililics ol the innci complex salts weic dclLiiiiiiicd using the modified AlexicIT 
procedure dcsci ibed cailici I he densities ol the solid complexes ansi the densities of their solutions 
used in the determin u loii of the pal tial iiiolal volumes wcic delei mined pvenonictrieally Robettson 
pvenoiiRlers vveie used loi Ihe solution densil\ detciminalions These latter solutions were analysed 
iolhmiii'; the densily delei niinations bv ev iporatiii" the solvent eiiicftiHv fiom a known weight ol 
the solution anel weiiihin^ the residual solute 

Rl SI LTS AND DISCI SSION 

Ihe' strltibililies eil tlic itiitci eotitple'x salts inve'sliaate'ei in vatnnis sohe'tils at 
varvini; tcmpe’raltit c's ate' prcse’ntui in Table's I 4 The elcnstlics and paitial tnolal 
V ol times foi eliromittnt( 1 1 1 ) aeety lae donate' and ei)ball( III) aeelylaeelonalc in ben/Ane 


1 VIII 1 

1 - Soil nil 1 1 11 s ol 

Ci(( 

IN 

MOI h 1 u\( 

[ ION 



Solvent 




1 empel it 

Ule ( k ) 





-> 

OS 


to 5 

505 


51 5 


Hen/eiie 


10 

7 54 

10 

8 22 

It) - 



( arhiiri tetiaehloi lele 

d 7^ 

10 - 

2 90 

10 - 

t 44 

10 



C hloieileiriu 

2 ')') 

10 

t 74 

10 - 

t 5t 

10 - 



Cyclohexane 

2 

10 ‘ 

J no 

10 ‘ 

5 01 

10 ’ 

6 08 

10 ' 

p-xvleiie 

1 (i4 

10 - 

1 75 

10 ' 

1 St 

10 - 

2 50 

10 - 

1 oliiene 

1 47 

10 - 

2 51 

It) - 

4 05 

It) - 

4 11 

10 

N-Heptane' 

2 47 

10 ‘ 

f 07 

10 ‘ 

6 62 

10 ' 

8 28 

U) ‘ 


the solubilities ol ClK ^ll,0 (, in beu/eile', eubenl tell lellloiiele, aiul ehle’loloim ale liont the 
Inst paper in this senes 


7 Aiii ^ 2 -Sot linn 1 1 Its Ol l„NOh C,,H,.NOH in moi r i ka< i ion 


Solvent 




1 eiupeialuie ( K ) 







298 


503 

508 


313(311; 


Bell/e lie 

1 88 

10 ■ 

2 71 

10 

5 28 

10 

> 

6 26 

10 

a 

Carbon tetrachloride 

5 85 

10 - 

5 55 

10 ' 

6 84 

It) 


5 50 

10 

' 

Chloroform 

8 98 

10 

1 13 

10 ‘ 

1 43 

10 

1 

1 65 

10 

» 

Cyclohexane 

3 39 

10 - 

3 20 

10 ^ 

3 80 

10 


4 37 

10 

5 

xylene 

5 23 

10 > 

6 54 

10 ' 

4 27 

10 


1 06 

10 

1 

Toluene 

5 10 

10 • 

405 

10 

4 55 

10 

' 

(4 67 

10 

"J 

N-heptane 

2 08 

10 ■ 

5 47 

10 

4 44 

10 


5 45 

10 

S 

I AHI I 

3 — SoLLiiii If iLs Ol UOi(C„H-0.)i H,;0 in moi r 

i KAf TION 




Solvent 




Icmpcratuie ( K> 







298 

303 

308 


3131311) 


Benzene 

7 42 

10 ‘ 

7 85 

10 ' 

7 85 

10 

1 

9 50 

10 

t 

Carbon tetrachloride 

5 34 

10 ' 

4 23 

10 ' 

1 21 

10 

t 

1 81 

10 

V 

Chloroform 

7 45 

10 ‘ 

1 04 

10 ‘ 

1 50 

10 

* 

I 51 

10 

3 

Cyclohexane 

2 60 

10 ■ 

3 46 

10 '■ 

4 84 

10 


6 89 

, 10 


yi-xylene 

3 88 

10 • 

471 

10 > 

5 50 < 

10 

1 

5 34 

X 10 

4 

Toluene 

3 67 

10 ^ 

4 79 

10 ’ 

5 95 ^ 

10 

\ 

(5 87 

- 10 

') 

N-heptane 

4 22 

10 ' 

4 22 

10 ‘ 

6 65 

10 

5 

7 83 

10 

5 

are given in Table 5 When the solubility data is plotted, log x, vs 
the temperature variation changes slope jn a few cases. This effect : 

J Reilly and W N Rae, Physico-Chemical Methoch, 4th Ed , Vol I, p 
Princeton, N J , (1953) 

7 7 It IS found that 
IS usually indicative 

474 Van Nostrand, 
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Tabu 5 



T(‘K) Mole fraction solubility 

283 2 656 

288 2 884 

293 3 045 

298 3 197 

303 3 374 

308 3 627 

313 3 978 

318 4 245 

10- 


Dlnsii 

IISANUMOIAI \()l UMI S or BtN/FNr SOI UlIONS oi Cr(C,H-C 
ANO Colf'.lt-O,), 

Cr(C,H;0,), 

Co(t H-O,), 

II. 10-^ 

p 

It, 10- 


P 

0 

0 86829 




0 8029 

0 87936 

0 2896 


0 87224 

1 2960 

0 88402 

0 3750 


0 87351 

1 8234 

0 89034 

0 4603 


0 87465 

2 1945 

0 89454 

0 5399 


0 87578 

2 5923 

0 89950 

0 6044 


0 87675 

3 0675 

0 90481 

0 6779 


0 87771 

3 5019 

0 90967 

0 8188 


0 87988 

3 8926 

091350 

09171 


0 88123 

4 3297 

0 91861 

1 0253 


0 88248 

4 7357 

0 92301 

1 0987 


0 88349 

5 0732 

0 92743 

1 2847 


0 88638 

5 4521 

0 93155 

1 3849 


0 88798 

5 9517 

0 93528 

1 6418 


0 89131 

6 3700 

0 93942 

1 7506 


0 89267 

6 7440 

0 94324 

1 8952 


0 89443 

7 1816 

0 947(.5 

2 0026 


0 89614 



2 1195 


0 89767 



2 2109 


0 89907 



22127 


0 89898 



2 3253 


0 90018 



2 4234 


0 90! }3 

i 

89 946 18148/1, 

I 

89 987 

1 69 8 1 /;, 

IT 

0 051 

rj 

0 019 


1 tlv \ 


/ <fl 1 




r, 181 48 

— 

i, 69 8 

\lllj 


'.///,' 




ol d eliaiigc HI the conipoMlion oi sliuctuic ol ihc solid pliasc This xaiiaiion in the 
slope was most fict]Lieiitly obsciNcd in the ease of the tiianuim complexes Since it 
has been fouiu] that uranyl acctylacclonalc monoiiyilratc can exist m three different 
xiyslallme modifications,''” this migh' explain tiic iiicgiilaiities foi solutions of this 
complex 

The n regularities in the soliibilitv Tempeiatuio siuxes lor iiianxl oxmatc ptesum- 
>ib|y ha\e the same basis The isolation and analysis of the solid oxinate complex in 
equilibrium with one such solution, shoxxed that it contained 34 57 pei cent iiiamum 
as compared xvith 34 41 per tent iiianium in the original material This diffcieiicc lies 

A t ( OMX'NS C hc/n Rcr 60, 115(1060) 
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within the expcriincnlal uncertainty of the method Thus, the indications arc that a 
cliange in structuie (but not in composition) of the solid phase in equilibrium with the 
solution could have (Kcinicd Fiom the solubility data it can also be detei mined that 
cobalt(lll) acetjlacctonatc undcigoes a phase change at 29^C 

In the discussion which lollows, these iiregulai examples arc provisicinally ignoied 
II v\ill be seen iliat this docs not alfcct ihegeneial conclusions drawn Irom this v\ork, 
as the thcoix is conceincd piimarilv with orcleis of magnitude ol the efiects on 
solubilities 

One lundamc ntal ictpiiicmcnt that solutions must lulfill if they arc to be considered 
as nearly regular is that the paitial molal volume of the solute remain constant over 
the concentration lange accessible to experimental investigation The partial molal 
volumes of cobalt(lll) acetviacetonate and ehronmim(lll) acetylacetonate computed 
Irom the data in Table 5 aie found to be 169 81. <r 0 019 and 181 48, it 0 051. 
respectively The small value of the standaid devi.ition for both of these values 
indicates that thcie are no unanticipated concentiation dependent interactions in 
these solutions finis the behavioui of the v oliime c hanges when tJie concentiations 
ol the solutions aic vaiied is consistent with the bchavioui (sf systems known to be 
icgular for the chiomium(lll) acetylacetonate the molal volume of the solid is 
275 3 cm’ while the paitial molal volume in benzene is 181 48 cm’, foi ihccobalt(III) 
acctylaccton.itc the coi responding values aie 251 97 and 169 81 cm’ lespectively Foi 
stannic iodide m benzene, which corresponds closely to the legulai solution criteria in 
many icspccls, the coiresponding values aie 140 4 and 154 6 cm'’’'” This indicates 
that the packing ol the molecules in the solid complex leaves large holes The melting 
points ol these compounds aie quite high so no estimate was made ol the density of 
the supercooled liquid complexes 

Foi a regular solution one would expect the following relation to be valid 
RT\n(aJ\>) ■ ('\ b^)- 

where R is the gas constant, /'is the absolute temperature, a> is the activ ity of the puie 
supercooled liquid solute, is the mole fraction of the solute in the solution, is the 
molal volume of the solute, is the volume fiaction of the solvent in the solution, 
and and 4_, arc the solubility paramcteis of the solvent and the solute respectively 
The use of this equation with solid solutes is attended by some difficulties which must 
be circumvented by appioximations Thus is, strictly speaking, the molal volume 
of the pure supercooled liquid solute at the tcmperatuie T This parameter is usually 
not available for inner complex salts and thcie is no really satisfactory method ol 
estimating it in these cases We have used the molal volume of the solid complex for 
this term In a similar manner, is usually not available It has been suggested”” 
that a., IS approximately unity and this was used m our previous work In the present 
paper a method is proposed for ciicumventing this assumption, so that it is not used 
According to the regular solution theory, u, is also equal to the ideal solubility, .v_.' 

The solubility data have been treated by simply assuming that they were described 
by the equation for a regular solution, and examining the results for consistency 
Neither a^, nor dj is known for the solutions so that they both must be evaluated This 

E B SMini.mdJ Walkey, luradaySoc 56, 1276 (1960) 

D I Lrossmci heutise on Anah'tical fVitvHn/ry (Edited by I M Koi iHoii and P I I iviN(>), 

Part I, Vol 1, pp 681^ Intcrscicncc, New York (1959) 
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has been done by simple algebraic methods using the known values of i ,, and 
for two or more solutions in solvents of known values 
The equation used was 




^In ^ 

2 ” 


686 5 


(log 


log 


Here flj,, and arc the solubility parameters of the solvents a and h and Vj,, and 
are the solubilities ol the solute (2) in these solvents at 25^C This equation is 
based upon the fact that a,, the activity of the pure supercooled liquid solute, is a 
constant at a gi\en tempeiature 

Very satisfactorily constant i'), values were obtained for the three solutes studied, 
122, fT 1 3, II 3,0 1 7, and 8 7, o ^ 1 I for the chroiTiium(llI) acetylacetonatc, 

the uianyl acetylacetonatc monohydiate, and the uranyl ovinatc with an extra mole- 
cule of oxinc, respectively, the data for which IS presented in Table 6 When the large 


I AHI I 6 Somuliaiv 1>\RAML1H<S ol SOMI- IVNI R COMPLIX SALTS 


Solvent P,iir C i 


C'CI, 

/)-CrHi(CHj)j »C'-fti, 
C,M,, 

C,tl, -CHCI, 
QH,-CCI, 
t- r,PlH-/l-C,,H j(C H -jlj 
C,I1,C Ha CHCI, 
Asciagc 
,) 


..H-O.), L'0,(CjH-0a). H.i 


a. 


12 4 

8 6 

It 5 

10 3 

14 S 

123 

1 t 2 

11 9 

to 6 

13 9 

12 5 

10 6 

tl 0 

11 2 

12 2 

11 3 

1 1 

1 7 


UO,(t\,HoNO). C.H^NOH 
'h 

8 3 

8 4 
8 8 

9 S 
7 8 

7 4 
10 7 

8 7 
t 1 


dillcicnce between the molal volume of the solute and the solvent in these systems is 
considered, the degiec of legularily which is exhibited is gratifying The 0, values 
which have bden obtained by this method arc much moic realistic estimates than the 
provisional values reported earliei fins is due chieHy to the elimination of the as- 
sumption that (I, I , which is a very poor one in the case of most inner complex salts 
with melting points considerably above 100’ and occasionally above 200 ’C From 
the data in Table 6 it can be computed that foi the chloroform- toluene solvent pair 
system the values ol ci, foi the three salts arc 011 14 10 ’ and 32 10 ' respec- 

Ovcly It should be lecalled that «, is the activity ol the pure supercooled liquid 
solute and is less than the activity of the pure solid by an amount which increases 
as the temperatuie is decieased below the melting point For iodine (m p 113 7") at 
loom tempeiature 0 258, while foi stannic iodide (m p 144 5") is 0 146 

The thermodynamic changes fbi the solution processes are presented in Fable 7. 
I liese values are quite comparable with the values obtained tor non-polar organic 
' "inpounds of similar melting points 

Ihe icascmable constancy ol the rb values obtained for the innei complex salts 
C iiUdtl TiihUs,\o\ 5 p 154 (19291 
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l Anil 7 - Si \NI>ARI) llIIRMOUaNAMIC t II ANGIS 1 OR SOLUTION I’ROC CSS 


Ciirnplcx 

SoKtrit A/ 

(i'-T'i)* 

’ iiioIl ' 

A// (-*2111 
' nu'lc ' 

AS ( 

'dc'g-niolc 

(, r((’ 1 1-0 ), 

C, H, 

1 SsS 

2 128 

1 03 


( Cl, 

2 127 

4 160 

6 82 


c Hr 1, 

2 087 

7 435 

17 OS 


c,ll„ 

4 8U 

8 832 

1 3 48 


/.-C 

2 437 

4 762 

7 82 


C , 11 LII 3 

5 OSO 

1 S 640 

35 SI 

L'O (t ,ll,.NO)_ C ,H NO 

L,H. 

u SI 2 

16 815 

34 57 


Ctl, 

6 ()0() 

10 OSO 

1 3 60 


cut I 3 

S S(,7 

9 080 

14 80 


C,H, 

6 278 

10 860 

15 37 


/-C,H,(CI1,), 

S 06 1 

14 220 

27 72 


C ,11 CHi 

f) 090 

4 704 

4 34 



6 334 

1 2 480 

20 S4 

L'O (( ,lh0.1, H O 

L,ll„ 

4 268 

3 434 

2 79 


CL 1, 

5 800 

14 626 

29 60 


CHCI, 

4 256 

14 3S6 

3 3 89 


<-„n, 

6 065 

7 002 

6 47 


/5-C,H,(Cll3), 

4 651 

6 311 

5 57 


C„H CH 3 

4 685 

8 880 

14 11 



6 1 16 

1 1 2S8 

18 41 

ColCdhO,)-, 

CVH,. 

2 041 

1 754 

1 00 


* Ar A// ansi AV lor Cr(C,ll in bcn/ene, carbon ttirachlorido and chloroform were 
obtained Ironi the lirst paper m this senes 


indicates that predictions of the general solubility behavior of such mateiials should 
be possible from a \ery limited number of measurements Once the cliaractenstic 
values for eo 'h li^ve been obtained these will be useful for two purposes The 
selection of good (or poor) solvents since these will have >) values close to (or far from) 
that of the complex, and calculation ol appioximate solubilities 

The magnitude of the d, values obtained for these complexes indicates that they 
exert fairly large intcrmolecular forces in comparison with the hydrocarbons A 
tentative explanation for this would seem to lie in the presence of large dipoles m these 
molecules These would have a considciable effect on neighbouring solvent species 
even for molecules such as chromium(III) acctylacctonatc where the dipoles are so 
disposed that the molecule as a whole has no net elect iic moment 

The solubility paramelcrs of organic compounds can be predicted with icasonabic 
accuracy by the use of the molal attraction coelTicicnts given by Smali While the 
amount of data presently available does not permit a ready extension of this method, 
It IS possible to estimate the contribution of the octahedral chronmim(lll) to the 
solubility parameter of an inner complex salt by using the data on chromium(lll) 
acetylacetonate 

Following Small, w'e may write 


A 


G) 


M 


where X G is the summation of the additive contributions of the groups present in the 


1“' P S SMALi,y Applied Chem 3, 75 (1953) 
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molecule, p ts the density of the compound, and M is its molecular weight For 
Cr(0,H,C),)„ G is 


6 

CH, 

1284 

3- 

CH - 

333 

3- 

c 0 

825 

3 

6-membercd tings 

300 

3 

cthcral “O” 

210 

3 

C 

57 

3 " 

conjugated systems 

60 

1 

octahedral Cr(III) 

X 


Total 

3069 ' X 


(3069 1 V) ' 

^353 21 

1 1 5 


1 lom tins, \ IS 140 In a similar manner other group contributions due to various 
(.oordmalion centers may be evaluated once a suitable d is obtained The group 
contiibulions for a central species would be expected to be reasonably constant only 
so long as It preset ves a given coordination number in inner complex salts This 
method, does however, open the possibility of predicting tlie solubilities of inner 
complex salts from structural information only 

Ukiumledi^eincnt -This work was supported m part by .i gr,int from ihe U S Atomic hnergy 
romniissu>n for which wc wish to express our giaiitude 
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ZUR FRAGE DER BINDUNGSVERH ALTNISSE IN 
KOMPLEXVERBINDUNGEN DES EISEN(II) MIT 
1,!0-PHENANTHROLIN 

K Madim 

Inslitiil liir anoigjnis(.hc Chcinic dcr L'nnersital Circilswjid 

und 

F KoNif,* 

institut lur physik.ilisthe C'hcmic dtr I'niversilat, I rankfurt am Main 
</?('< t ;i <(/ 21 Julv Id0)2) 

ZusammenfassunK ks wire! iihtr McssLingcn \on magntlischcn .SiiszeptihililjlLn und \i)n Refluv-ums- 
sp(.kli(.ii an dcr Vci bindungsicihe [Fc''phcn,X ] bcndittl In Abh.ingigkcit \(im Liganden \ konnen 
dahci paianiagnctisclK Verbindungen, deren Moment \icr ungcpa.irlcn FIcktroiiLii tnlspricht Oder 
diam ignclisdie V<.i biridungeii erb illcn werden I hr sjicktr.dcs V'crh 1 1 ten sou ic die 1 a"e dcs Quintclt- 
Sineuiclt I ihcischncidungspLiiiktcs Sind in libeicinslinimun" mit Voislelhingcn der I igandciifeld- 
1 licoi ic 

Mistr.icl Results ol meastiiemcnts of magnetic susceptibilities and rellcMon speelra of the senes I'f 
eompoiinds [Fe"phen_\ ] arc presented IX’pending on the ligind X it is possible to obtain para- 
m igiietie eoinpotinds with an elleetise ntagnctie moment eijiial to lour unpaired electro is or dia- 
iii ignetie eompoiinds [ be speed al behaviour and the position id the qmnlet-singlct crossover point 
de 111 aeeoid with expectations of ligand lield thcor;^ 

Komi’i I \vi KiiiNm Ncd N eics /wciwertigcn Liscns mil 1.10-Pheiianlhrolin stud \om 
binduDiistlie'orclise'licn SUindpunkt von bcsondcrcm Inlcicsse' Wahienel das 
i he"plie'n ,]- -Ion diaindgnctiscli*" ist. kann eiwaitct uerden. dass be’i trsatz eines 
I’heiiantlirolm-mole'kuls im Lise'n(ll)-Komplc\ diirch zwci ciivahlige' Liganden X 
inncilialh dot Reihe [Fc"plicn>Xj] sowolti diainagnctiselic Komplexe als aiie'h seiche 
voikoiiimen, deren magnc'tisehes Moment 4 imgcpaailcn Elc'ktronen enlspnchi 
IJies wird dann gcscltclicn, wenn bet abnclt mender Staikc dos Ligaiuienrcldos erne 
kiitisehc Fcldstatkc ciicieht wild, bci dei anslcllc des SingiileK-rcims em Quintctt- 
Tei 111 /iim Grundtci m‘-’ wild Damit muss steh /uglcicii aue'li das spektrale Vcrhalten 
gumdiegend andcin 

(lemass den Fiwai luiigen zeigt das von St nil i*” hcrgcstelltc [Fe’'phcn_>(CN)_,] 
Diamagnelismus. wahrend Basoi o und I;)vvvir*^’ fur das [F'e"plicn^CI j] einen Para- 
magnetismus enlspreehcnd 4 ungcpaaiten I lektroncii landcn tin Gegensalz dazu 
stcht einc allerc Bcobaelitimg von Km mm. vl r// wonaeli [Fc"phenjJj] und 
|fe‘"phcn^MrJ dia magnctiscii sent sollcn 

/iir Klaruiig dei Vcihallmssc wurden dalier sowolil die bekannten Verbindungen 
dci /usammenselzung [Fe"phen,XJ ais auch einige ncue Komplexe mit X Br . 
FI , SCN , N, , OCN , FICOO und CN elargcslellt und ilirc inagnclisehcn 
MomeiUe sowic ihrc Reflcxionsspektrcn vetmessen 

* Z Zl visiling lellow Mellon Institute Pittsburgh l.t Pviinsylvaiii.i, FI S A 
'' f H Biirsiai L und R .S Nyhoim J Clum Soi .t570(l9‘'2) 

V Fanahf und S SuciANo, Z /Vni Soc (ytt/x/n) 9, 75V 766(1954) 

' A Stun I, a Amcr CInni Soc 82, V()00 ( PKiO) 

'' I Basoi o und F P DwvfR.y Atiici Clifin S<« 76, 1454 (1954) 

' W KiiMM, FI Jacobi und W Tiik.Z Anoii; Clieni 201, 1 (1911) 
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f XPFRIME NTELLhR TbIL 

f’la/Hiicirn < s 

Zur Diiistellung dor Vorbindiingon [F c"phcnjXJ niit X Br , Cl SCN , Nj , OCN , 
HC OO wiirdcn die enisprccheiiden bison(ll)-Pvridin-Kt>mplc\e dcr allgcmcinen Zusiimmenselzung 
[ro"pv„Xj] ixicr aiioh die ihnen ziigriinde liegtndcn wasserfroien Eiscn( llj-Salze iinler LufUuissohluss 
(um 0\ydjtnin dor fc(ll)-Sal7c zu vermcitlen) in siedendem, wasserircion Pyridin gelost iind die 
boreohneto Mongo wassci (roios 1 ,10-Phcnanlhiolin-gelOit in Pyiidin zugclropfl Oabei sehieden sioh 
dio His-plion,iiit hull in-e ISO n( I l)-ki)mplo\e als v lolollo bis blauc Krista lie ab, die sioh duroh Exlraktion 
mil Pvndin iiniki islaMisiortn liosson 

Oio Verbiiiduiigon siiid an trookonor ] ult beslandig dispioporlionitron abor in Gegenwart von 
VVassoi Alkohol odor 1 ullloiiohligkoil untoi Bildung dos f i is-phonanlhrolin-ciscn{ll)-koinple\es 
L'bor ihro Darslolliing nird an andoror ‘^tollc aiisliihilio'hci beiichlol 

I me VX'ibindiing [Ie"phcn_l_] liess sioh woolor aid diose Weisc noch diiich Abspalten von 1,10- 
I'honanthrolin duroh Eihii/on von [I e"phon^JI, im Vakuum iiber PjO, aid l‘)(S C gewinnen 

[F o‘’phon,(C N Ij] vviirdo naoh SC F4li I-* diircli Veisctzen einer Losung von [bc'‘phon ,]SOi mit 
KCN-Losung hoigostollt Naoh I vtraklion ties dimkelvioleltoii Nio'dorsohlagcs mit Alkohol in einoi 
Sovlilol-A[vpaialLii ki isl illisiorlo dio Voibindung \\ issoilioi 

Zur FJaisiolliing von [I o"phon,)( l_ 7HjO vvuitle l,10-Pheii.mlhiolin-II\dial iinti roClj4H,0 in 
Melhanol go lost I'lltMei t iind dor Tris-phonanlbiolm oisont II )-komplo\ mil Aooton aiisgolallt Flurob 
I mkrislallisioron atis wonig Wassor oi b.ilt man das Hcpiahvdiat 

On /j( II 

IJie 1 I miilliing doi magiiolisohen Siiszoptibililaton doi foslon Piobon orlolglc mitlols oinoi Pendcl- 
vva igo mil olekli isoboi Komponsalion ' '* 

F)io orhaltonon Woile tier mokiioii Siis/eplibdilat /mui bei Zimmorlcmpor itur (/ 289 K) 

lindon sioh m doi /woiton Spalte doi lab I I )ie um don diainagnol isohon Anloil koi ngioi ton molaion 
Susziplibilitalon /'mi i '■lyebon dio oikktivon m ignctisohen Momonte,",ri 2 81v ,i F) Dio 
cntsprcohcndoii Weite von /(, (, gemesson in Einhedon dos BotiRsohon Magnolons sind in Sp.ilte 4 
dor Tab I cnthalten 

Als di imagnoiisohe Koiiektuien vviirden die lolgotiden VVorie Ixniiizl 1 .10-Phcnanthrolin 
128 ION'Fo- n 10' Bi 25 10 "."ci 2b 10", SCN -21 JON Nj 

n 10" OCN 21 10' HC<X) lb 10' CN M 10" 

1 vnt 1 1 1 I \1 vi.Niiisriti st s/i i>riFiii irAfi N usd vviini ois iiiikiivtN MvtrNi- 
IIS< III N Sinvtl STIS It k VtklllMVIlNl.l N l>l R KI llll [f'c' 'plloll jX.) 

1 bcdciitct die mol.iic Sus/oplibditat bei Zimmoitompeiatur ( 7 289 K), o,j[don 

naoh Korioktiii um don di.imagnotisohon \ntoiI sioh eigebondon W'oit dcs oHoktivon 


magnelisihon Montontos m 1-mhoilon dos BniiKsohon M i'’nclons 






,11, „ IB M ] 



diamaL'n Koir 

rr 

naoh andcron 

V'erbind ung 

1 10 " 

10 " 

IB M 1 

Auloron 

1 bt‘'phenjBrj] 

10 900 

339 

5 1„ 

—0' ' 

[be^phonX IJ 

1 1,050 

315 

5 1 , 

5 3'" 

[be"phen_(SC N)J 

1 1 600 

308 

s -y ^ 


[1 o"phon (N,)J 

1 1 ,700 

2V5 



[rc"phen (CKN),] 

1 2 750 

311 

^ 5, 


[Ec"phon.(HCOO)J 

n055 

300 

5 5„ 


[Ee"phtn.(C N).] 

810 

295 

^0 

0 68'" 


Ah\orpttt>ii\spekli eil 

Absorptionsspcktren dcs [rcbphcnj- -Ions m Wassor wurdon mit ointm registi lorendcn Spok- 
tialphotometer Bcokmann DK-2 untcr Vervvendung von C^uarzkuvottcn mit Sohliflstopfen dcr 
Scliichtlangen 4 1 und 0 1 cm atifgenonimcn F9ic Konzentrationcn dcr Losungen lagen zwischcn 
10 Mol/I und 10 ^ Mol/1 F^.is crhaltcnc Absorptionsspcktrum zeigl Abb I 

* Fur die Durohfuhrung dor magnetisohen Messiingen sind wir Hcrrn 19r R F’irihil vom 
Institut fur magnctisohc Wcrkstoflo dcr Douisohen Akademic der Wissenschafien m Jona zu beson- 
derem Dank verpflichtct 

K Maiifja, S Sr nviiiji und W Wii kt Fn Vorberedung 
R Perthfl, Z Phys Chem (F cipzig) 211, 74 (1959) 
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Reflc \ lonsspek Iren 

Um bei der Aiifnahnic der Reflexionsspcktrcn von Vcrbindungen der Rcihe [Ft"phL,i .XJ 
Disproportionierung durch Luftfeuchtigkeit nus/uschliesscn wurden cinige bcsondtrc Vorkchrungen 
gctrollen 

Die Fiandhabung und Vorbcreitung der Proben erfoigte in einer von irotkencm bothgercinigten 
Sliekslol! durchstromlen glove-box Die zur Aufnahme der Reflexionsspeklrcn benulzten Probcn- 
tellcr wurden in der glovc-box mil den bctrcfFendcn Subslanzproben beschickt und durch Auflcgen 
ciner mil Silikonfett abgcdichtctcn plan-parallclen Platte aus optischem Quarzglas gegen Findringcn 
von I Lilt gesichert 


3 , 



Ann 1 Absoiplionsspcklrum dcs Komplcxions lFc"plicni]- ‘ in IFO (c 10 - bis 
10 ' [Mol/I ], Schichldickc 0 1 bis 4 (cml), Rcllcvionsspcktrcn von [bc"phcnjCF! und 
[Fc’'phcnj(CN)il (.1 iF I M) verdunnt, blandaid LiF) 

Oie Mtssung der so vorberc itctcn Piobcn konnte in iiblichcr Weisc am Spektralpbotomeler PMQ 
II der ka Zeiss mit Remissionsansat/ RA 2 voigcnommen wcidcn Im Bereich von 220 bis 650 m/i 
diente cm Sl-V 1P2H, iin Bcrcich von 650 bis 1400 mn einc Alle spc/icller Konstruktion* als Fmp- 
I ingcr Die Korngrosse der Substan/cn lag iinlcrhalb von 5ii Im langvvelligen Bcieicli wurden die 
'viibslan/cn unverdunnt gemessen im Sichibiicn und UV wurden sic wegen tier hohen Figenabsorp- 
iion mit Lrthiunifluorid im Verhallnis I 50 veiiliinnt Als V'trglcichssiand.iid dicnie I ithiumfluorid 
Idle' Auswertung der Messdaten erfoigte nach iler Methode von KORTUM''’ Die im folgenden 
ingegehenen RcHexionsspektren (vgl Abb I und 2)enthalten den Loganthmus der Kunn ka-Monk- 
I iinklion logy(R) m Abhangigkcit von eicr Wcllcn/abl r autgetrageii 

* Der I ntwieklungsabteilung der fa C.irl Zeiss, Oberkoeben danken wir fur die Uberlassung 
vines im langweibgen und ultraroten Spektralbcreieh cmpfindlicben Empfangers 
K.OR1UM und G Schriylr, Z' Nalmfondi II A. 74 (1956) 
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K Madua and h K.()nic. 


1 

,->f 1 I'') I f t I « r ">r 



=) lO It ?0 U 

y cm *' 


Ann 2 -- I angvvelliger Ttil dti RcncMonsspcklKii \on [[(."phenjXJ iiiit X Cl, Br 
SCN, ( N RcAhlt Oidirialtrittilung fur (he"plicn_(C N),), Imkc OidinalLnlOjking lui 

alk ubrigcn Vcibindungcii 

niSKUSSION ribR CRtirONISSE 
Magnclisc he Ijf^cmchaftcn 

Die von uns gemesseneii Werte magnetischer Siis/eptibilitaten von Vcrbiiidungcn 
der Reihe [He' ‘phen^Xj] sind in Tab I aiigcgcbcn Von andcrcn Autoren land 
cincrscils Schili"’ fur [Fc" phen^(CNK] cm //,,, 0 68 [B M ], andcicrseits gabcn 

Basoio und Dvvyir'^’ fur [Fc"phcn^CF] tin //,,, 5 3 [B M ] an, beidcs in Ubcr- 

einstimmung nut den von uns crmittcltcn Monicntwerten Fntgegcn dicscn Ergcb- 
nissen schcincn altcre Mcssungcn von Kiimm, et a/"*' auf Diamagnelismus von 
[Fe"phen^Brj] und [Fe"phcn 2 J 2 ] hinzuweisen Wir nehmen an, dass die beobachtete 
Diskiepanz in der schwierigen Praparation der Verbmdungen ihie Ursacbe hat 
Oktacdristhc Eiscn(lI)-Komplcxc bcsil/cn )e nacli Grossc der Ki istallfeldauf- 
spaltung cntwedcr bet cincm Grundzustand cm magnctisches Moment, 

das vier ungepaarten EIcktronen cntspncht, oder sie konnen diamagnetisch sem 
und haben dann den Grundzustand Ersetzt man seclis bzw vier der emzah- 

Iigen Liganden durth drei bzw zwei zweizahlige, so erfoigt mfolge der damit verbun- 
denen Symmetneerniedrigung von O,, auf £>, bzw Q erne Aufspaltung des ^T,„ 







Zui Fragc der Bindtingsvei hallnisse in Kompicxvcrbindungcn dcs EiscnCII) 

Taiulli 2 — AnsoRMioNsspi kfrum von [1 (."phciij]-' 

} bedculet die Wellciilange, »’ die Wellcn/jhl und > 
den molaien dckadischcn bxtinkuonskotffi/icnlen der 
Absorptionsmaxima 1 ingeklaniintite Wcite der 
Welleiilangc wurden Schullcin cnlnommen Cl 
bedeultl LIcklionenubcrgansgbandc (charge-lransler 
Uande) 


Zuord nung 

/|nv'l 

r[cni 

f- 

► '/'o 

1,115 

8 960 

1 2 

M.,, 

(1,050) 

9,520 

1 2 

’ 'o ► ‘T-., 

815 

12 260 

4 4 

' ^1 *■ ' / 

(680) 

14,700 

6 2 

c r 

510 

19,600 

10 600 

cr 

(488) 

2 ,,500 

9 700 

C 1 

(435) 

23,000 

7,200 

'L, 

(318) 

31,400 

3,150 


(288) 

34 700 

27,600 


265 

37 700 

95 000 

T,. 

225 

44 500 

81,000 


I Am 1 I I 1 Rl rtlMONSSPI MRI-N VON KoMPirWfRIHNDLNCiLN DIR 

Rum (! e"plicnjXj) 

/ bedtiilel die Wcllenlange, r die Wclkn/ahl der Bandcnmaxima 
bingtklaninierte Werle der Welkniange wurden Sebullcrn cnlnoni- 
inen Cl bedculet r.lektronenubcrgangsbandc (ebarge-lranstcr 

Bandc) 


Verbinduni; 
(Fc"phen,C Ij] 


[|-c"phen.BrJ 


1 1 c"phcnj(SC N)_l 


/(ni/i) 

(■[eni'] 

Zuori 

1 180 

8.470 

1 >7 

950 

10 510 

1 

((OO) 

16 670 

CT 

5 35 

18.700 

( T 

(325) 

30 800 

'/ , 

(294) 

34 (XX) 

'L, 

274 

36,5(X) 


230 

43 500 


1 180 

8 470 

1 ^ 

9 30 

10 750 

( ■' 

(590) 

16 950 

( T 

5 30 

18 850 

( T 

(325) 

30 800 

'L, 

(296) 

3 3 800 

'/ , 

276 

36 200 


230 

43.500 

'( „ 

1 020) 

9 800 

1 y 

8 30 

12,050 

1 

(580) 

17,230 

CT 

5 30 

IS 860 

(1 

(325) 

30 800 


(296) 

33 800 

7 , 

272 

36,800 

’B, 

230 

43 500 

7 , 

(980) 

10,200 

'■7- 

(820) 

12 200 

1 

640 

15 600 

CT 

(590) 

16 950 

c r 

(540) 

18 500 

Cl 

323 

31 (HX) 

7 , 
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I AHi 111^- (Cont'd) 


Vtrbindiing 


([(.m ') 

/uordniing 

'pliLii_(N,)J (C lint d) 

<2nS) 

SS 000 

'A 

272 

S6 800 

'B, 


2^0 

4S 500 

'C,. 

'pliLii (OC N) 1 

( 1 OSO) 

0 250 


SSO 

II S5() 


syo 

16 050 

t T 


S70 

17 550 

t’T 


S40 

18 500 

Cl 


(12S) 

SO 8(X) 

'/w 


(29.S) 

SS,55() 

'L„ 


272 

S6 800 

'B, 


2 SO 

4S 500 


phcii.l 1 It <)t)l .) 

(060) 

It) 400 

!■/. -A 


(SIX)) ’ 

12 SOO 


SOS 

16 800 

1 1 


(56S) 

17,700 

t T 


S40 

18 SOO 

c r 


(S2S) 

SO SOO 



(2yS) 

SS 550 

'A 


272 

S6,800 

'B„ 


2 to 

4S 500 

'C , 

phcii.lt N) 1 

(.SOO) > 

12 SOO 


600 

16 670 

CT 


(5tX)) 

17,850 

c r 


(5 SO) 

18 850 

CT 


S70 

27 000 

Cl ’ 


(S2S) 

SO 800 

’/, 


(206) 

SS 800 



274 

S6 500 

^B, 


22.S 

4S 000 

‘t , 


Grundzustaiidcs genuisb 

A,, - V t - /<! >2A ' B, 

(6>„) (D,) (f,) 

dcr Zustand kann liingcgc-ii nicht wcitcr auf^paltcn Bci oktacdi isolicn Eiscn(ll)- 
Komplcxcn \om high-spin Typ ist dcmnath cm dieifacli bahncntartctci Zustand 
Grund/usland und dainit ist cm Bahnmomentbcilrag zii erwartcn Demgegenuber 
wird mit zunehmender IBeteiligiing nicdriger symmetrischcr Ecldkomponcntcn der 
Syminetiie D, bzw C, die Bahnentai tung aufgehobcn, und damit sollte in erster 
Nahcrung auch der Bahnmomentbeitrag immcr niehr iinterdruekt wcrden 

Vergleielien wir nut deii gcnicsscncn Sus/eptibilitatswertcn (s Tab 1), so stellcn 
wir fest Das Komplexion [Fc"phcn,]“' ist diamagnctisch"** Von den liicr bcschrie- 
benen Verbmdungen dcr Rcihc [Fe"piicn^X 2 ] ist nur [[''e“phcnj(CN),] diamagnetisch 
Durchlauft demnath der Ligand X die spcktrochcmische Sene in Riditung abneh- 
mender Starke dcs Ligandenfeldes, so wird schlicsslieh cm Punkt erieieht, bei dem 
anstelle dcs Singulett-Terms ein Quintett-Tcrm Grundterm wird Dicsc kritische 
Feldstarke sollte- wie man auch ausdcm Gang der individuellen Stabilitatskonstanten 
bei dcr Komplexbildung dcs [Fe"(HaO)g]-lons mit 1,10-Phcnanthrolin vermutcn 

* Eigcne Messungen 
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kann — ctwa m dem Bereich zwischen den Komplexionen 

[Fe^pheng]^' und [Fe''phen^(H20)j,p' erreicht werden Da es bis jetzt nicht gclungen 
ist, Komplexionen wie [Fe''pheno(NFf,)j 5 p' oder [Fe"phen 2 (H 30 ) 2 ]“+ herzustcllcn, 
bci denen der Ligand X cm clwa in der Mittc der spcktrochemischen Sene gelegcner 
Dipolligand ist, kann zunachst uber die Lage des Obcrschneidungspunktes in dcr 
Verbindungsreihc [Fe^plieiioX^] noch kcinc gcnauerc Aussagc gcmacht werden 

Bei Gultigkeit dcr rcinen Spinformel Y i 4‘S'(-S' F l)j - v{/i(/i 2)] [B M ] 

sollle man bei 4 ungepaarten Elcktronen ein effcklives magnetisches Moment von 
4 90 [B M ] erwarten Dabci bedeulet S die Spinquanlenzahl und n die Anzahl 
Lingepaartcr Elektronen Die von uns untersuchlen paramagnctischen Komplexe 
[Fe"plicn 2 X 2 ] wciscn alle etwas erhohtc Momentwerle auf Die durch die DifTerenz 
gogebencn Wertc der Bahnmomcntbeitrage liegen zwischen 0 20 und 0 66 [B M ] 
Wciden Verzcrrungen der Symmcliie in Richlung 6)^ <- C, als ein/ige Ursache fur 
die abnclimende Grosse der Balinmomentbeilragc angesclien, so ist in der Rcihe 
X HCOO , OCN , N, , SCN , Cl . Br mit zuncliniender Abweichung des 
Ligandenfeldcs von slicng oktaednscher Symmetric zu lechnen * 

Spcklioskopisi he l.ipensiluijten 

bui die Art der zur Beobachtiing gclangcndcn d d Ubeigange ist cs wcsentlicli, 
ob die bctrelleiidc Vcibindung [Fc"plien 2 X,] zum paramagnetisehen oder zum dia- 
magnctischen Typ gchoit Bc/cichnct man im oktaedrischen I all die Grosse dei 
r,„ L,i Scpaiation A am Libcischncidungspunkt von ''F,, und '4,, mit II. so 
vieiden oktaedi isclic Eisen(ll)-l<.omplcxe fur A II ein Moment \on vier iinge- 
paaiten ricktionen aulweiscn, fur , \ JI jedovli diamagiictiseh sein Die Spmpaai- 
Lingseiieigie II eigibt fur die Konliguiation </*’ zu 

II 2\B 4C 1076 9y 

Dabei ist die Konfiguiationswechselwiikung mit holieren Zustanden gleicher Rasse 
diirdi Anwciulung dci Stoi imgstlieoiie zweiter Ordnung"-' nalieningsweise mit- 
hei ueksielitigl woidcii, fciner wurdc die Koirektur nach Fkiis"^' embe/ogen B und 
( bedeuten die Ra( Aii-Parametcr des Zentialions im Komplex, y ist die Koiistaiile 
dcr Tat I sscheH Konektur 

Die Absoi ptionsspekiren diamagnctisebcr CisenflD-KompIcxe sollten nebeii 
uKensitatsscbvvaehen Interkombinationsubcrgangcn iin wesenllichen zwei Banden 
aurweiscn, die von den beiden Ubeigangen ’-1,„ >- ‘E,„ und >■ *E, , heiiuhrcii 

Hire Anregungsencrgieii beliagen bei alleinigei Bei ucksichtigung der Diagonalele- 
nicnte in den zugeliorigen Sakularproblemen*“’ A C und A I6fi C Bei Mit- 
bei ucksichtigung dei Konligui ationswcchselwirkung unci dei Koiiektur nacli Tri i s 
i'iit dem fur das freie Ion bc"' gultigcn Wert \on x 67cm ^ eihalt man fur das 

* 1 me .inderc Noglichkcit zui ti klai ung dci Abn.ihme dcr B.ihninomcnlhcitrage ist /unchmendc 
Isocalcn/ der Bindung zwischen Zcntr.ilion und Ligand X [)icse Annahnie kann daduuh gcsliitzi 
' uden, dass die obige Reihcnfolgc abnchniender Ciiosse der Bahiimoini-nlbc trage /iigleii-h 
aiiiahcrnd der ncphelauxelisthcn Reihe folgl 

II M N H Irvinc. /nl( nialiiiiiiil Coiip’ifiKf oil C o-oiiliinilKiii C III ] p lb London (1959) 

'J S (.iRinnit, 7/ic Tlicoi y of Tiiin\ilii>ii-Mcriil Ions Cambridge L'ni\ Piess(I96ll 

I IsoNK. und H I SfHiAiiR.Z P/i}\ C hem MF 34, 155 (TvW) 

C' Is. JoRC, fNSi N, Lw/gr Leir/i uE Comple\e\ mill Oiisioiis Ions (.j|cllci ups t olog Kobcnliacn 

(1957) 

R I iRLis, P/(vr Rev 83, 756 (1951) 
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Koiiipicxion [Fe"plicn,]“ die Anicgungseneigien 

>'/,,) A C ' 1321 i 536 
>'7’,„) A P I6/i C 4803 - 536 

Ini Absm plionsspcivli um dcs Koniplc\ions [Fc”plicn,]“ bcobaclitet man* bei 
12 260 cm ' Line Oande, die aid Grimd ihici Intensitat dem IJbergang 
/ugcoidiiet weidcn muss (vgl Abb I) Dei Dbergang '4,,, v\iid grossten- 

leils con del lolgenden hohen Rande ubeideckt und macht sieh nur m eincr Icieliten 
Inflexion bcmerkbait Seme Lage kann duich /eilcgung m GAUSS-Kiiiven zii 
I4 7()()cm ’ eimitlclt weidcn "" Da keine Uandenaufsp.iltiingcn zii cikennen smd, 
dail man [Fe"plicn,]- m eisiei Naheiimg <ils oktacdiiscli anselien Dami erlialt 
man aus den Aniegungsenergien der bcidcn i/-i/ Ubergange B 602 cm ' und 
A 13 1 Klein ^ 

Selzt man C 4 5/F und eimiKcII man mil dem obigen Wert con B und z - 
67 cm ' die Spinpaarimgsenci gic II, so eihalt man II 1190()cm^‘ Paia- 
magnctische F iscn( 1 1 )-Komple\e oklaecli ischei Sy mmeti le besitzen aiisser Inlei kombi- 
nalionsbandcn nui einc meist untei dcr Wiikung des Jahn- 1 1 lltr LITektes vcibicilerle 
Rande, die dem Hbcigang 'T,, <■ ’’F, entspiiclit I''ur das Ion [I e"(H,0)|J- betragt 

line AmcgLingscneigie*'-' A 10,400cm ' Da andeierseits tin [Fc"plien,]“ ein 
A 13 llOcm ' cilialicn woiilen ist, sollte der Uberschncidiingspunkl dei beiden 
Tcime ^/j,, und bei ciner Fcldsl.iikc liegen die etwa in der Mittc zwischen den 
Liganden H/) und plien an/unohmen ist Dazu kann nis wciterc Stut/e dienen, dass 
dem Ion [lecn,]- aiircirimd semes Absorptioiisspckti iims"'^* mil A II 400cm ^ 
etn paiamaguclisehci Cn und/iistand ’’7%,, zukommt 

Rei Kompleweibindungeii [Fe'‘phcn 2 Xj] kann wegen der niedrigeren Symmetrie 
nieht mclir cm Weit lui A angegeben weiden Jedoch bcobaclitet man cbeiiso wie 
bcim [Fe"( bei den paramagnetisclien Veibindungen dieser Reilie eiiie laiig- 
wellige Rande, deren UnsYmmetne auf siatisdic Fcldkomponenten mednger Syni- 
metiie zuriickzLifLiliicn sein diiifte (vgl Abb 2) So weit die beideii Maxima sauber 
gcticnnt Sind, zeigcn sie cine Aurspaltung von ca 2.000cm die in dei gleiclien 
Grossciiordiiimg licgt wie die JAHN-TFFLLR Aiifspaltuiig beini fFe"(H ,()),, l“*-lon 
Diamagiietisclie Verbinduiigen der gleiclien Reilic weivcn nui cine langvvellige 
Rande auf, die ebenso wic beim (Fe"phen,]^ dem im oktaedrischen Fall mit 
bezeiehneten IJbergang entspricht und sich nut waclisender Staike des 

* Das Absorptionsspc-ktrum des Ions [tc'‘phcn,|- ist schon mchrlach Gegenstand von Unter- 
suchungen gewesen'" jedocli fchllcn bishtr gcnaucrc Angabcn uber die IJxistcnz langwelligcr 
d-d (Jbergange 

t Zur genaueren Darstellung dcs langwclligcn Toils dcs Absorptionsspcktrums von [Fc^^phenju 
und ziir Diskussion der Interkombinalionsiibergange vgl E Konig und H L Schi affr"o 

7 Dcr crhaltcnc Wert fur j 9 crscheint auch auf Grund dcr folgenden rohen Abschatziing plausibel 
Dcr B-Wert dcs freicn Ions 

Co-' -Ions id'') niinmt im oktaedrischen Feld von StickslofTliganden urn 38 von I 100 auf 680 
cm ‘ ab'"" Rechnet man fur das Fe-' -Ion mit emer gleich grossen Abnahme, so crhalt man ausge- 
hend vom B-Wert des freicn Ions von 940 cm ' cinen Wert von 585 cm * fur das Ion im Komplex 

J CsACZAR, Ada Chim Huni^ 24, 55 (I960) 

J CsAOZAR und h Horvath, Ada Cliim Hiiric 24, 259 (I960) 

C K JoRCiFNSFN, /(r/n 6/;e/n Scand 11,166(1957) 

D S Mc'Ch'RE m F Sfitz und D Turnbui i , Solid Stale Phy\ics, Vol 9 Academic Press, 

New York (1959) 

M CiAMPOLiNi, P PAOiETTiundL Sacconi, 4 C/icm Soi 4553 (1960) 
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Ligaiidenfeldes nach kurzercn Wcllen versthiebl Beim [Fc'’phen,(CN)^] wird sie 
bercits fast vollig vom Ansdeg der folgcndcn hohcii Bande verdeckt Dies gilt ebcnso 
Fur den Dbergaiig Die unterschiedliche Erscheinungsform der lang- 

wclligcn Absorptionsbanden in Rcflcxionsspektrcn der Reilie [Fc''phcn,X^] cr- 
mogliclit demnach cindeutige Aussagen ubcrdie MuKipli/ritat dcs Grundzustandes der 
einzelneii Vcrbindungen und dient damit zur Stutzung der Frgcbnisse magnetisclier 
Suszeptibilitatsmessungen 

An die Ligandenfeldbanden schliessen sicb nach kurzen Wcllen Banden hoher 
Intcnsitat an (logr 4), die im allgcmcincii paritatscrlaubten (Jbergangen zwischen 
di- und r/p-Zustanden am Zcnlralioii und anlibindcnden vr-Zustanden des hetcro- 
cyclischen Liganden ziigeordnet weiden Dabei konnen nieist zuci bis drei cin- 
zelne Maxima unteischieden werden (vgl Tab 2 und 3) 

Die im UV bei ca 36,500 und 43,500 cm ’ aurtretenden intensisen Banden 
slelten die im wcscntlidicn unvciandei ten Ubeigangc zwischen Tr-Zustanden des 
I. lO-l’iienanthroIins dai, die untci der Wirkung dei Zcntialionenladung genngfugig 
nach langcn Wellcn vcrsclioben worden sind Die beobachteten Bandenversclne- 
hungen betragen fur die eistc det beiden obigen Banden 1 ,200-1 ,S00 cm ' fur die 
zweile 55 600 cm sic sind in Ubercinstimmung mit den Rigebnissen quanten- 
mcchanisehcr Modcllieclinungen "'■** 

Da die Absorptionsspekticn von N-Hcterocyclen denen der entspiechenden aro- 
matischen Kohlenw'asseistolfe sclir ahnlich sind. konnte Zankir*-'" eine darauf 
bci uhende Klassihzierung ihiei Banden \ornehmcn Ikim fieien 1 10-Phcnanthrolm 
Cl schemen am langwclligen Abfall der bei 38 000 cm ’ gclegenen ersten hohen Absorp- 
tioiisbande zwei weitcie wcnigei intensive Banden mit cincr tern ausgepragten 
Sclnvnigungssti Liktur In Analogic zum Phenantiuen*--’ bcobachtct man demnach 
im iialicn IJV insgesamt vier Banden, die man bei Zugi undelegung der PLATTschen 
NomcnklatuO-*’ in dei Reihenfolge steigcnder Wclicn/ahien mit ‘/i, und 'C,, 

bezcichncn kann Die -Bande bestcht bercits bei Zimmerlemperatur aus cincr 
,Sciic von funf Sdiw ingungstcilbanden mil emei Wellcnzahlditfcrenz von etwa 
700 cm R die ihieii Ausgang von dem bei 29.650cm ’ gelcgeiicii 0-0-ljbergang 
mm mt 

Wie das Absoiplionsspektium des Komplexions [Fe"phenj]- und die Rcflex- 
loiisspeklrcn von Verbindungcn der Rcilie {Fe"phen^X,] zcigcn. wird die Schwin- 
gimgsstriiktur beim Linbau dcs l.lO-PhcnanIhiolins in einen Komplex verwiccht, 
die bciden Banden ’L,, und *T„ zcigcn sich jcdoch in zvvei Schullein. die meist bci 
etwa 31,000 und 34,000 cm ‘ auftreten (vgl Tab 2 und 3) 

Uicikciuii<ti"i'ii Die Auloren d.mkcn Hcrrn Prof Di H L Scmlaiir Fraiikfun am Mam und 
Hcirn Prof Dr S HiRZOti, GrciKwald fur ihr fordcindcs Intcrcssc und lur zahlieiche Diskussioncn 

'“'H L SnuAiLR.Z F/iis Clicm /V T 8, 373 (1956) 

'"V Zanki R und W Schmid, C/kto Bci 90, 2253 (1957) 

1 Konki, unveiolkntlichte Messiingen 
H ZiMMi RMANN und N Jooi*, Z LU'kfiocheni 65,66(1961) 

I R Plait, 7 C/aw Phvs 17,484 (1949) 
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HALIDE COMPLEXES OF THE LANTHANIDE 

ELEMENTS 

G R Cmohpin and P J Unrein* 

Dcp.irlmcnl of Chemistry, Hondj Slate University, Tallahassee, Florida 

( ReccireJ 21 June 1162, in iciisccl foim 16 An^usl 1962) 

Abstract —The stability constants for formation ol CcCF', CeBr- , tuCl- , FiiBr' . tul- , YCF , 
,ind YBr-' have been measured at an ionic sticngtliof I 0 M by a liquid cation eschani;er cstraction 
method Constants for formation of CcCl..', LuCl," and FuBr,^ arc also reported The enthalpy 
and entropy values indicate that these complexes are ionic and pcissibly ot the outer sphere type 

Ruinily Wiim ct r//*" used the liquid cation exchanger dinonyl naphthalene 
siilphonic acid to study the chloride complexes of Fe(lll) and In(lll) ions The 
stability constants were m satisfactory agreement xvUh values reported using other 
techniques This seemed a promising system to use to measure the stability constants 
ot chloiide, bromide, and iodide complexes of representative lanthanide elements 
harliei studies of LaCI-','“* CeCI-',"' CeBi-', and Cel"' have indicated stability 
constants less than unity, but the enor limits are rather large, and the values were 
not obtained at the same ionic strength We have studied more systems at a constant 
ionic strength 

Also, the enthalpy and entropy ot formation of CuCI"' were measured 

hXPFRIMLNTAL 

Matiiuils ‘"‘tu '“Cc --N.i and “'Y were obl.iined from the O.iE Ridge N.ilional Utboratory 
,is ejriier-frcc isotopes fm was prcp.ared by neutron irradiation ol Tm^Oj in the ) ITR at ORNL 
flic original chloride solutions were diluted with 0 I M HCIO, lo bring ihc iiaeer actn ily to a con- 
venient working level In all cases tbe chloride ion concentration ol ihese final suxk solutions was 
less than 0 0005 M 

Dinonyl naphthalene sulphe'nie acid (relcrred to as HD) was supplied as r 2 per cent solution 
in n-heptane Ihiougli the courtesy ol the R T V.indcrbilt Ces , Jne The slock solution was analyzed 
by llie cxlraclKTii of a known volume of ihe solution with standard N.iOH, followed by titralievn of 
.111 aliquot of the aqueous phase with st.indard HCI The HD w.is dilule'd with n-heplanc for use 

All halide .icids were leagcnt guide, dilutcil lo volume, and sl.uidaidi/ed witli stand ird NaOH 
Sl.mdardizalions wcic made by polcntK'metrie titiation to insure eonccnlrations accurate to within 
I'lie part per thousand I he leagcnl guide HI was p.isscd through an anion exchange resin bed pnoi 
lo dikilion for immcdi.itc use The aqucv'us ,ind oig.inic solutions were pro equilibialcd with each 
Ollier prior to use 

Ptom/inc The procedure followed lhat by Whiil <r «/'■’ Mixing was conlinucil for 4 24 hr 
.illhoLieh studies of the talc ol equilibration showed lhat it was obtained in less than an Imur Better 
piccision was attained in the disli i billion r.ilio by allowing the two phases to settle lor a kvnger peric'd 
of lime, I e , 12 24 hr 

The radionuclides which decay by j’-emission were eounled dircclly .is liquid aliqtu'ls using i N.il 
Scinlillalion counter The nuclides which dec.iy by //-emission were counted in a Ihm end-window 

* Based on an M S thesis subniillevt lo I lorida Slate Lmivcrsily, lune, 1962, by R 1 L' 

'' I M Wmii, P KtLLY and N C Li J hioti; Niti! Cluni 16,517(1961) 

’’ R 1 CoNNicK and K L Mai pirn, reported by Connick and MtV'iv J Cluni Sot IS, 474 

(1955) 

R t CoNNitic and S W Mamr J 4nwi Cluni S«i< 75, 1176(1951) 

'' S W Mavir and S D Schwartz, 7 Amcr Chcm Soc 75, 222 (1951) 

J M WHiri.P Tanci and N C Li, J Inoiv Nud Chcm 14, 255 (19()0) 
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(h.ii;li-MiicIIli liuiiUi.i I hi. ScmiplL>v \M-rc picpaictl in (he following vv.iy The aliquot lioni the 
oii;nin. ph isl w is pl.u-sd m a steel pan esapoiateel to diyness, aiiel ignileel in the flame of a Pisher 
hin ner to insui e I h ii loss in eonni late due to sample sell- ibsoi ption was both mmimi/eel and slaiiel- 
ardi/ed I he aliepiol lioiu the ie|iieons phise was placed in a glass planehcl and evaporated to 
dryness undei a he it I, imp C onniini; eorieetions h.iel to he made bceaiise ot the ditU'ienee m the 
geometrv ind m the maleiial ol the eounling planehets 

R I St 1 1 rs 

io eicleiniinc the innucnee of ogen ton Loiiecntiation and HD conecntiation 
on tile elislnbiitmn of a metal ion the' ilisti ibiilton ol curopuim(lll) was studied by 
lust \ai\ing the eoneeiUiation ol hyeliogen ton in the aqueous phase and then vaiying 
the IID eoneeiiliation in the oiganie phase 1 he hvdrogeii ton dependency was not 
sludied at constant ionic stiength but latliei at dillercnt peiehlone acid concentra- 
tions \s seen in I ig I the estiaction ol europiiimt 1 1 1 ) was tound to have an inveise 



LOG [H*] 

bi(. I — tXpcndciiey of r u( I II) exiiaelion 
onlll ] at 25 C Irom HCTO, aqueous phase 
into 0 001 1 r HD oiganie ph.ise 



ti<> 2 Dependency of hu(lll) extiaelion 
on [HD] at 25 C from I 00 M HC lO, 
aqueous phase into HD oiganie phase 


third power dependency upon the hydrogen ion concentration in the eqinhbiatcel 
aqueous phase These results were also obtained by Wiiirr el for the distri- 
bution of In(lll) and Fc(III) For the distiibution of the bivalent metal tons, cobalt 
(II), maganese(ll), and 7inc(ll), they found an inverse second-power dependency on 
hydrogen ton concentration and direct first-power dependency on HD concentration 
The dependency of £u{HI) e:xtraction on HD concentration in the organic phase 
IS shown in Fig 2 to be first power Whiii et al , have interpreted such a dependency 
on HD concentration to reflect micelle formation in moist heptane 

The extraction of the metal lon by HD is described by the following ccjuation 

M,' ' (HD),., M(H, 1 3H,>- 

where the subscripts A. and O denote the aqueous and organic phases, respectively 
By defining the distribution ratio, K^, as the concentration of the nuclide m the 
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organic phase divided by the concentration of the nuclide in the aqueous phase, the 
above equation takes the form 


where A is the concentration equilibrium quotient A typical set of data for an extrac- 
tion experiment is given in Table 1 

I ABIC I h\PI RIMINI C tai irUMINAllON OI SIAHILIIY (ON- 
S I AN IS I OK hill III) (OMPI PXIS Will! < lllORIOt JON 


remperatlire 25 0 ; 02 C 
Initial volume of both phases 2 0 ml 
Volume of aliquots lakcn 0 5 ml 
Tracer used Eii-152, 154 

Counter used Nal (Tl) well scintillation counter initial 
concentialions 


Org. 

amc HI) 001 

F 



Aqueous ( 1 ) HC 1 

1 00 M HCIO, 

0 



(2) HCI 

0 94 M HCIO, 

0 06 M 



(3) HCI 

0 88 M HCIO, 

0 12 M 



(4) HCI 

0 80M HCIO, 

0 20 M 



(5) HCI 

0 70M HCIO, 

0 30 VI 



(6) HCI 

060 M HCIO, 

0 40 VI 



<71 HCI 

0 40 M HCIO, 

0 60 M 



(8) HCI 

0 20M HCIO, 

0 80 VI 



(9) HCI 

0 HCIO, 

1 00 M 



Activity m 

Aeliv ity in 



oiganic phase 

aqueous phase 


Sample 

(Coiinls/S mm) (Counts 5 min) 

A'„ 

1 

12704 

29135 


0 436 

1 

13204 

29025 


04S5 

3 

1 3491 

27987 


0 482 

4 

14094 

28093 


0 501 

s 

I4S63 

27473 


0 5 30 

fl 

15014 

26549 


0 566 

7 

1 S668 

24658 


0 6 3S 

S 

12932 

17435 


0 742 

9 

IK6I8 

21560 


0 864 


When the concentration of [H ] and HD is kept constant, the stability constants 
loi the lanthanide halide complexes can be calculated from measurements of the 
\aiialion of A,, with change in concentration cif the complexing halide ion 
The equation for this calculation is 


K, 


n 




1 A,[A| ' A,A^[A]- ' 


xheie A,,Aj, A„ arc the step-wise stability constants lor the toimation ol the 
complexes MA, ,1VIA„ and A,/ is the distribution ratio in the absence of com- 
oli-xmg ligand If only the lirst complex is foimcd a plot of 1/A,, \s [A] goes a 
iiaight hue whose slope is equal to A, /A,,' If the second complex in the senes is 
"SO foimed, a plot of [(AV’/A,,) l/[A]Ivs [A] will give a straight line whose slope 
’ vv|ual to A,Aa and whose intercept is Aj The data for Eii(lll) and Cl arc plotted 



Cl R CiioppiN iind P J C(nri in 


P)0 



I K. ^ 1 (it I iiMII) (r\pt C ) 

at 25 C as a luiiclion dl [Cl ) sviih 1 00 
M ionic sti cnylh in the ai.|iicotis phase and 
0 01 f HI) in the oiganic 


Fn. 4 I stiaction ol Iii(lll) (F\pl C) 
at 25 C, iis a lunclion ot [C’l ] where Y 
\K., IK.,) I '[MI 


in both \\a_vs in I it’s 3 and 4 In the analysis of the Jala lor tlie liquid extraction 
studies ot the lantlianidc lialide complexes, no evidence lor the formation ot the MA, 
and higher order complexes was found 'I his is not surprising since the halide com- 
plexes aic weak and the concentration of the complexmg anion newer exceeds one 
molar 

'I he stability constants determined for the lanthanide Iialicles, MA.-’ and MA^', 
are listed in Table 2 These constants were obtained by a least squares analysis of 
the slope of [fA.', /A.',,) — l/[A]] vs [A] 


F 4HI 1 2 — Srvnii irv roNsi \ms iok iin i cnimcnioi hm idis m 25 C 


Tnv.iltnt 

Cornpkxmg 


Ionic 





niclal ion 

anitiii 

t xpt 

sirtngch 

^ 1 




Ce 

( 1 

A 

1 () 

0 78 -- 

0 14 

0 33 

' 0 10 

Ce 

C 1 

B 

1 0 

0 81 

0 12 

0 20 

1 0 10 

Fn 

Cl 

C 

1 0 

0 HO 

0 12 

0 19 

0 10 

Fii 

Cl 

D 

I 0 

0 79 1 

0 n 

0 30 

0 10 

Fii 

Cl 

r 

0 87 

0 82 

0 12 

0 19 

• 0 10 

In 

Br 

r 

1 0 

0 58 

0 09 

0 35 

' 0 20 


In many of the experiments, the data were not sufficiently accurate to determine 
the value for both Aq and A ,, due to the inherent error in Kf To indicate the effect 
of neglecting MA^ formation, the experiments of Tabic 2 have been recalculated 
for A, only from a least squares evaluation of the slope of 1/A', vs [A] and are listed 
in Table 3 along with those where it was not feasible to calculate a k, value 

DISCUSSION 

For many of the lanthanide- halide systems, a plot of 1/A',, vs [A] departed from 
a linear relationship when the completing anion exceeded a concentration of 0 6 M 
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Tri valent 
metal ion 

Complexing 

anion 

Expt 

Ionic 

strength 

k. 


Ce 

Br 

G 

1 0 

0 63 

0 08 

Cc 

Br 

H 

1 0 

0 67 J 

0 08 

tu 

Cl 

1 

1 0 

0 91 1 

0 1 1 

Lu 

Cl 

J 

1 0 

0 88 ! 

0 to 

1 u 

I 

K 

1 0 

0 49 

0 06 

Y 

Cl 

L 

1 0 

0 94 1 

0 ) 1 

Y 

Cl 

M 

1 0 

0 92 

0 It 

Y 

Br 

N 

1 0 

0 71 

0 08 

Tm 

Cl 

0 

1 0 

1 t5 

0 16 

Cc 

Cl 

A 

1 0 

0 88 

0 10 

Cc 

Cl 

B 

1 0 

0 91 

0 1 1 

L u 

Cl 

C 

1 0 

0 89 

0 It 

1 11 

< 1 

IV 

1 0 

0 90 

0 II 

fii 

Br 

F 

1 0 

0 65 

0 08 


(o g , SCO fig 3) I his depailurc from a linear relationship \tas assumed to be due 
to the formation of the second complex MA^ Houeser. evidence for a A> stability 
constant had not been reported by Wmir ct r//^" in their studies of the ironflll) and 
mdiumflll) halide complexes Since these complexes are consideriibly stronger than 
the lanthanide complexes it would seem reasonable to assume that there should 
have been some evidence for the formation of higher order complexes 

Uccausc of this discrepancy, it was at first suspected that the k, stability constant 
loi the loimation of MA^' might be fictitious and the nonlinear behaviour caused 
by a change 111 the activ ity of water when changing the aqueous phase from 1 M HClOj 
lo I M HCI However, calculations indicate that the activity ol H_,0 is slightly grcatei 
111 I M HCI than m I M HCIO 4 , which should cause the curve to deviate in a down- 
w.ird diicction lather tiuin upwards Moreover, the chiinge m the aclivit) of water 
was so small (0 816 in 1 M HCI as compared lo 0 810 in I M HCIj), it seemed 
unlikely that it could account for the observed change in the distiibulion ratio 

lo add fuithei ciedulity to the form.ition of the complex MA^ the extiaction 
ol --N<i was studied using the same system as that employed with the lanthanide loiis 
h NaCl IS assumed to be completely dissociated in aqueous solution any variation 
in ihc distribution ratio should be due to a change in the activity of hydrogen ion 
\s seen in f ig 4, a plot of I/A', vs [A] curves downvvaids, which is the trend predicted 
horn the calculated change in the activity ol water from these aigumcnts it is con- 
cluded that the complex MAj is formed in these systems and the actual value foi 
IS. perhaps, slightly larger than the calculated values due to the slight increase in 
the activity ol water when changing the aqueous phase Ironi I M HCIO, to I M HCI 
The failure of Win it ct a! to obtain evidence loi the higher order complexes is 
piobably due to an msullieienl number ol points in llie plot of 1/A,, vs [A] and'or 
'o the uncertainty in the values ol their distribution rations Their value for the 
niccision 111 dttaimng the distiibution ratio was 1 0 5 per cent In comparing then 
dues tor the Aq stability constants of iron(lll) and mduim(lll) chloride eomplcves 
ih those determined by other methods, it can be seen that their values arc slightly 
'-c'r This is especially true in the experiments where the chloride ion concentration 
'^''loaches 1 M Wc, therefore, believe that tlicir values foi the A, stability constants 



Cl R CiK)i>piN and P J Unriin 





Ik. I \li i..liKn 111 Na( 1 ) al 2“' C as a luiii.lion nl |C I 1 illi I 00 M umn. strength in 
iIk iL|iinHis pliasi. and 0 01 I 1115 in the oii;ann. pliast 


cli-tLrminei.1 tn solutions of liiiih tome strciigtlis (eg, I M and 2 M) arc tno laige due 
to the foiniati ai of the second complex MAj Indeed, in conipaimg the values 
of A, (or the lanthanide halides in Tables 2 and 3, the ililTerence in the values of A , 
as detci milled bv the two nieihods is about 10 pci cent, approximately the same 
diHerence between the values of A, deteiimned by Wiiiil ci cil and the values deter- 
mined by other methods tor beCI- and InCI- 

The thei modynamie functions for the formation of the complex LiiCI - were 
determined to iinestigate furthei the type of complex that is lormcd f he fiee energy 
change, AT. can be calculated directly from the stability constant A// was deter- 
mined by the temperature dillerential method by experimentally determining the 
stability constant at 0 , 2,3 .md 48 C The entropy change, A.S, can be determined 
from the values of AA and A// at 25 C T hese values of the then modynamie functions 
were then converted to the unitary functions to toircet for the numbers of inteiacting 
species 111 solution The values of the imit.iry functions are listed m Table 4 


t VBLl 4 


C omplex 
LuCl- 


t'MIVRY IIIH<\1(>l)VNS\ll( HIM HONS 1 OR 1 Ht f OMl'l 1 \ LuC 1- ‘ M 25 C 


Ionic Sr A//' AS' 

slicngtli Teinpcr.iUirc (kc.il/molc) (kc.il/molc) (e u ) 

1 0 25 C 2 29 0 4 0 05 0 04 3 0 3 0 


Since complex formation is favoured by positive entropy changes and negative 
heat changes/'’ the formation of the complex EuCI^' is favoured by both heat and 
entropy changes, although both AH' and AS' are small, reflecting the weakness of 
the EuC-T complex For the formation of an inner sphere complex with the replace- 
ment of one mole of water the entropy change is usually about 16 7 e u , while the 
heat change is between 0 and -i;5 kcal/mole Thus it is seen that both the entropy 

R Gurnfy, Ionic Proces'i"s in Solution, McGraw-Hill, New York (1953) 

F J C Rossorrr, Modern Coordination Chemistry (Edited by J Lewis and R G Wiikins), 

Intcrsciencc, New York (I960) 
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and enthalpy changes arc consistent witli the view that TuCI- is vseak ionic .ind 
an outer sphere complex However, the large error m A//' inherent in the temper- 
ature dilTeicntial method and the consecjuent error in AS' do not .illow an unambig- 
uous assignment of the type of complex formed by the lanthanide halides 

k non l< (/■^rcniciil -The linancial assistance of the U S Atomic t ncigy Commission ihroueh ( on- 
Iracl -AT(40-1 )-17‘)7 is gralekilly ackiiowiccigeil 
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THE THERMAL DECOMPOSITION OF METAL 
COMPLEXES- 11 

SOME AMMINE AND ETHYLENLDIAMINE COMPLEXES 
OF NICKEL (11)* 

T D GroRCii and W W WtNDLANor 
Department of Chemistry, Texas Icchnologital College 
Lubbock., Texas 

(Ri’ceii’cd 16 Aut^u\( 1962) 

\bstract The thermal dissiK'iation of some amminc and ethylcnediamine complexes of nickel (II) 
were studied by the techniques of DTA, TGA, and GE The ammine complexes, [NifNIljlJX^f where 
X Cl, Br, NO, and SOj), dissociated in two steps, giving the intermediate complex, [NdNHd.lX, 
(except NOd The /rn(cthylcncdiaminc)- complexes, [Ni(en),)X 2 (where X Cl, Br, I, NO, SOd. 
lost (he cthylenediarninc step-wise, but not as distinctly as in the hexammmc-complexes The order or 
iiicieasing thermal stability for the (NilNHa),]^^ type complexes was NO 3 Cl SO 4 Br, for 
the [Ni(cn)|]X 2 type complexes, the order was Cl Br - NO, 1 SOj The thermal dissocia- 
tion process for all of the complexes is discussed in detail 

I lie licxaniminemckel (II) complexes of the type. [Ni(NH,),,]X,. have been exten- 
sively studied However, since their first preparation by Rosr‘-’ and Erdmann*'** 
111 the 1834-1840 period, little is still known concerning their thermal properties 
Dissociation temperatures, in an atmosphere of ammonia, have been determined for 
several of the hexamminc complexes*'’’* These temperatures, based on changes of 
pressure m the system, ranged from I 76"’ to 235 5 C, for the chloride and iodide com- 
plexes, respectively The dissociation pressures of complexes containing oxyamons 
have also been determined **’* Even with the above studies, the thermal dissociation 
process IS still not very well understood 

Even less is known concerning the thermal dissociation of the /n5-aiid oiv(clhyl- 
eiicdiamine) nickel (II) complexes These complexes, of the type [Ni(en)„]Xj, were 
hrsl prepared by Wfrm r*"* and have been rather extensively studied by other physico- 
chemical methods *'* A preliminary study of the thermal dissociation of the ethylene- 
di.iminc (cn) and 1,2-propancdiamine nickel (II) complexes, in an oxidi/ing atmos- 
phere, has previously been described *''’ 

’ Bail I W W WiNOLXNor, E D Cjhirc.i and K V Krishs \mi rtv , / Imv" \ii<l f/u/ii 21, 

'O (l%l) 

It {'iijWL, Nouveau Tiaile tie Chimie Mineiiile {Ulicliby P J Pascxl) Vnl \\lll,pp 761-S92 
Masson et Cie, Pans (1959) 

H KosF.y Piakr C/te/u 7,266 (1836) 

0 I 1 RDMANN J Piokt Cheiu 1,266 (1834), 7,249 (1836) 19.445(1840) 

W Biii,iandB LnKtNHiui-R Z 4iior^ (hem 83, 163 (1913), 89, 134(1914) 
k B Hari and j R Pariinc. ion, 7 CJtem Soi 104 (1943) 

1 1 I'luoAM and 1 Muiifr, Her Dtsch (hem Ge\ 54,973 (1921) 

k kViRNLR, y' Chem 21, 199 (1899) 

I D (uouta and W W Wi Nin andt, 7('i J Set 14 , 47 (1962) 
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It IN thus ihc obiLct ol this in\ cstigalion to sliidy tile tliei mal dissociation of several 
Ik \animinc- and /’is- and ii o(cthy lcnediammc)nic kcl (11) complexes by the Icch nK|iics 
ol tlK 1 moei a\ iiiKti ic aiial'sts (l(j\) dilkiciUial theimal analvsis (I)TA), and gas 
evolution aiialv as ((d ) all m an iiKil atniosplieie iindci caielully contiollcd condi- 

tK'lls ol p\ 1 Olv 'IS 

1 \ I»1 R I \I I XI \ 1 

i/yvii (/no 

/ //( / ail //)[//i/"i 1 \n \insaoith Ivps R\ \ isiium bal.tiicc vv hie li cc'uM he opci atcil unclsi adyna- 
niis nil OH’S n e Is il mosphs 1 1_ \\ as use d Iot (he TC i \ stud ics S iiiiptc si/es i anyed in wc i!;lil 1 1 om t() 
I o I ' iiK the I li I n iss Icnips i UuK eoni O'lk i h is pn. \ lously b(.cM slessi ibi.d ' " ' Tile teilipcl aim c (il 
t lie I 111 nass s ha mbs i a. as inoniU’ied be a Lhiomel- ilMinel (her niocniiplc and leeoi ded, alone with the 
weii'lu stiaii'ie on a (uo-pen sitip-eiiail leeoidci \ Ininaec healing lalc ol 7 C per niin v\as 
s niplov s d 

/!/ I (Hill (if (////)(// (////' The 111 \ and (iL appaialiis iise'el has previouslv been deseiibed 
Sample si/es i ineerl m weiphl 1 1 oni sO (,> 7s me and weie pyiolysed iindei a dvnainic helium gas 
iimosplHie I be evolveil y.is eiineenlialion in ihe helnin) gas slieam was dcleeted by a ihermisloi 
tliei 111 il eoiuliieliv ilv deteeloi ()iil|nil signals liom the D 1 A amphlici anil Cjb deteeloi weie reeoide'd 
IS a lunel ion ol liinpi I iliiie on t wo \-V ii'undiis In all e.lscs, a heal ing rale ol 10 I t' per niin 
was implosed Pievioiisly i"nited ilumiili was used as the leltiellec matei lal 111 the sample 

hloes 

( las s iniples 1 1 om the til deleetoi Weie ,mal\/cd by mass speetrogiaphie aiialy sis using a Consoli- 
dated t llgmee I me t Ol p Mode I 21 -t’()2 miss spee lUMIlelel 

( hi iiiu iili 

1 he niekel 111) eompoiinels used weic in the lot m ol haheles mliate, oi sulphate and weie oblaineel 
liom the I T Baker ( liemiial t o I’hilhpsbni \ N I I he’ cthyleiied lamme w as ohiained Irom the 
1 istniin Oiganie ( hemietl to Roehe'stei, N Y 1 ho othei eheinieals iiseel were ol C p quality 

I’l t /lilUIIIOII £// fhf iilllipk’\i‘S 

Ihe /lo-tcthyleiiediamino)- and /lotethy leiiediaminelnieke'l 1 1 1 ) eomplexes exeept loi the in\- 
(etlivleiicdiaminelniekel I 1 1 1 sulphate we le' pie pa led bv Ihe methoel given b'v' Si vi i ' ' " 1 he sulphate 

was piepaie i by the’ mellioel ol WrRNtK' ' w hile the biomitle was prepaied as pieV lotlsly desel ibed 
File hexammineiiiekeli 1 1 ) halide and nitiate eiimplexes weie picpaieel in a maniiei similar to that 
deseiibed b\ Wston the sulphate was piepaied bv adding an cxeess ol eorieentiateil aqueous 
Nil, to a satuialed solution ol NiSt), \ll_0 and pieeipilaliiig eitil small siolet-eeiloiiieel eiyslals by 
(lie addition ol yi per eent ethanol I he’ hesammiiie-eomplexcs were waslicd with ethanol and etliei 
and then air eh led 

rile ethvleneJiamine-eomplexcs were analysed by theimal deeomposition to the metal oxide in an 
air atmosphere on a thei mobalanee I be hexammine-eomplexes weie analyseil in a similai maiinei by 
t hernial deeomposition to the rcspcel ive parent salts, with the exception ol the mliate in an atmosphcie 
ot nitrogen 

DISC USSION 

A l\ ciHlit-loss 'tliiclies 

'Fhc weight-loss curves, in nitiogen, for the hexammine-eomplexes ate given in 
Fig I while the weight-loss data are given in Table I 

Tire hexamminenickcl (II) chloride and bromide compounds appear to decompose 
111 two rather distinct steps The first step, which corresponded to tlic lossof four moles 

"" W' W WiNDLANDi.y (hem Lihii 38,571 (1961) 

'"”W W Wr\ni vNiii, a/iu/ (him 27 , 309 ( 1962) 

'"’H M StAir Inoii;am( S»/ir/it’sm, (tditcd by L Ci Rocn<)VV)Vol 6, p 200 McCnaw-Hdl, New 
York (1960) 

W G VVvroir J 4mei (hem Sot 44,1239 (1922) 
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teMPERATURE •: 

fit/ 1 Weiaht-loss curves ol hixainmineniekel complexes (einelei nilroi;en) 
\ lNi(MI,),'|lN(),)j, B [Ni(NH,),l( I. C |Ni(NH ,),]S(), I) [N ilM I I ']Br. 
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of aininonui per mole of compound, began at about 85 and 105 ’C, for the chloride 
and bromide complexes respectively The second step, the loss of the two remaining 
moles of <immoma, began immediately alter the first step at temperatures of 175 and 
195 C lespeclively Thus, for these two compounds, the thermal dissociation follows 
the ec]uations 

[N.(NH,),]X_(s) -[N.tNHOJX.fs) 4NH,(g) 

[Ni(NH,)_]X,(s) ^NiX,(s) , 2NHj(g) 

This IS conliimed cpiantitalively by the weight-loss data m Table I and qualitatively 
for ammonia bv mass speclrograpliic analysis No other gaseous decomposition 
products were detected 



temperature ’C 


Fic. 2 Weight-loss curves ot hn- and /ni(ethylencdiaminc)nickel coiiipicxes (under 
nitrogen) A [Ni(en);]Cl^, B (Ni(en) JC L 2HiO , C tNi{en),]F 


The complex, [Ni(NH ,)(JS 04 , also decomposed by a two-step process, but the 
second step was not as distinct as in the case of the chloride and bromide This com- 
pound began to decompose at about 90 C and showed a dehmte break m the curve 
at about 1 80'’C The w'eight loss up to this point corresponded to the loss of four 
moles of ammonia per mole of compound The second step of the decomposition 
resulted in the gradual loss of the remaining two moles of ammonia and the formation 
of N 1 SO 4 at about 530"C 

The complex, [NifNHjlgjlNOg);,, began to decompose at about 80 C and gave the 
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oxide level about 420°C inflexion in the weight-loss curve occurred at about 150 C 
and approximated the loss of two moles of ammonia per mole of complex In view of 
the fact that the complex contains oxidizing (nirate) as well as reducing groups 
(ammonia), this behaviour was not unexpected The decomposition reaction is defin- 
itely different from the other hexammine complexes 



100 200 300 400 600 600 700 800 

reMPERATORE ’C 

1 K. 3 Weight-loss eiiives ot hn- and /;n(elh^lencdiamine)niLkcl complexes (under 
niliogen) A [Ni(en),]Brj, 13 [Ni(en),JBrj, C [Ni(i.n),]SO, , D [Ni(en),]( NO t). 


flic (hermograms for llic decomposition ol //M(cthy lenediamine)- and /urfethvl- 
cnediaminc)-mLk.el(lI) compounds, in nitrogen, are given in Fig 2 and 3 while the 
'\ciglit-loss data arc given iii Table 1 

riierc was no general dissociation pattern which could be applied to all of the tns 
(vthylencdiamine)nickel(II) complexes The one generalization which can be made, 
I'l'wevcr, IS that all of the complexes showed an inflection in the weight-loss curve 
'\hi(.h corresponded closely to the loss of one mole of ethylenediaminc per mole of 
vt'inpound Other inflexions found on the weight-loss curves were, however rather 
ii'dcliiutc and in many cases, corresponded to no known stoicheiomctric compounds 
In the process of evacuating the thermobalancc system before fltvoding with nitro- 
sii gas the [Ni(en),]Br 2 2 H 2 O lost all of its water of hydration and formed the anh\d- 
'"as compound The hydrated chloride, [Ni(en),]CI, 2H_.0. appeared to be more 
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sLibli 111 tli.i! i! Id. lined its \\<iter of hydrolion doting the b.d.iiice cvatoation period 
I Ins l.iiisr Loinpoiind beg.in to lvoKl uatcr at about 55 C, and gave the anhydrous 
ULiglit issel at .ibinii I 15 C All ot ihc anhvdioiis //nlcthylcnediaminc) complexes 
beg.ui to L\oI\e cthv lencdiamme in the tempcialurc range ol 200 to 300 C 

I Ik anhydnnis |Ni(en),]C U u.i\e an mnevion point at abotit 250 C wiiieh eorre- 
spoiulsd to the .ippioximale loss ol one mole ol clhvlenediamme per mole of complex 
.mil the lorm.ilion ol |Ni(cn)jl( K This is loughly conliimed by the TCiA cuivc lot 
|\i(cn)^j( I, I his iattcf complex beg.in to decompose at .diout same temper. iluie as 
the mncclion point m the lormei complex Other mllcxion point weic found m the 
|Ni(cn),JC l_. cur\c at 1‘sO .tiul 420 C riie foimci .ipproximated the loss oftwo moles 
.md the l.ittei ol three moles ol eth>lcnedr.imme beyond 420 C the weight-loss was 
due to the sublimatioit ol niekel(ll) chloride It is of interest to note that the 
/'/s(eth\ lenedi.imine) complex lost weight eonlnuiously be)ond the 400 C intlexion 
point 

riie .111 It yd I oils bi omide complex, [Ni(en),lBi_.,be!>.in to decompose at about 250 C 
A hoii/'ont.il Weight Icxel w.isobseised between ^SO .ind 400 C" which eon espondeil 
to the composition, (Ni(cn),)|}i , I his inleimediate complex appealed to be moie 
st.ible than the corresponding | Ni(en ) ,]CI , complex rhere w.is no mllexion observed 
111 the ci.ii\c which indic.iled the loss of .i second mole ol ethylenecli.imine I he next 
lioii/ont.il weight level occurred .tl .ibout 450 C .inti cotiespondid to the loss ol the 
Kin. lining two moles ot cth)lcnetliamine and the foim.ilion of NtHn Here .is in the 
c.ise ol [Ni(en)j]Cb 211^0 luithei vveig!it-loss was observed anti was attributed to the 
sublim.ition ol NiUi^ 

I lie compouiitl. [Ni(en),]b began tti clecomptisc at about 260 C and g.ive an in- 
llexion 111 the cuive at 340 (' which appioximated the composition, [Ni(cii)j]L The 
next curve inliexion at 430 C coriesponded to the loss ot all thiee moles ol elhylenc- 
diamine and the form.ttion til NiL Ag.iin, sublimation of the nickel salt was obseiveti 

rite weii’ht-loss curves for [Ni(cn),]SO| and [Ni(en),](NO()j both shovvet) a one 
step decomposition re.tcOon The sulfate began to tiecompose at about 310 C and 
gave a hori/ontal weight level beginning at about 640 C Calculations from thcweight- 
loss at this point mdicateil the stoichciomcliy lor NtO T he complex, [Ni(cn) ,]( NOJ^, 
beg.in to decompose at about 250 C and lesuitcd in the lormation of NiO at about 
300 C 

The /intethy lenedi.iminctiiickcT (II) chloride and bromiilc complexes gave weight- 
loss cuives which approximated those of the coircspondmg ///s(cthylenedi.imine) 
complexes, after the loss of one mole of cthyicncdiamme 

B DTA a/it/ Gf, sliidies 

The [)T A and GF curves tor the hexammmemckel (II) complexes arc given in 

big 4 and 5 

The interpretation of the DTA curves for the above complexes presents a number 
of problems These problems arc similar to those found for the metal salt hydrate 
systems' ' ' m which endothermic peaks were found which were caused by reactions 
of the type MX, /iFT T) > MX, (// m)H_,0 * mHjO( I ) followed by /hH^O(1) -> 

/«H_,0(v) The reactions above can be completely misinterpreted on the basis of DTA 

"" H J Borciivkui .mil f DxMirs.y /•‘/o' Chem 61,917 (1957) 

""A Rlisman and J Kaki ak, 2 Amei Chem Soc 80, 6500 ( 195H) 
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alone This misinterpretation is much less probable, however, if the DTA data is 
>upplemcntcd by other information such as TGA, X-ray diffraction, GF, analysis of 
decomposition gases and soon In this investigation, the interpretation of the DTA 
data is based not only on the cuive itself but on the supplementary data as well 
The hcxammmemckcl (II) chloride and bromide gave similar DTA and GE curves 



100 200 300 400 500 

TEMPERATURE, *0 

1 i(j 6 DTA ,ind GF cuivcs of hi\- and //o(ethylencdiammine)nickel complexes 
(under nurogen) A and B [NitcntJCF C and D [Ni(cn)dC Ij 2HjO 

The first peak corresponded to the loss of four moles of ammonia per mole of com- 
plex, while the second peak corresponded to the loss of the other two moles of ammo- 
nia The evolution of ammonia was conlirmed by mass spectrographic analysis of the 
furnace gas stream This decomposition reaction correspesnds to that found by the 
TGA studies 

The complex. [Ni(N H ,),,]SOi, gave three endothermic peaks, at 145, 1 65 and 3I5"C, 
respectively The hrst two peaks were caused by the evolution of four moles of am- 
monia per mole of compound while the last peak was due to the evolution of the 
remaining two moles of ammonia The broad peak of the latter revealed the rather 
slow decomposition reaction as shown in the TGA curve Mass spectrographic 
analysis of the evolved gases indicated that only ammonia was evolved 

A rather interesting DTA curve resulted from the thermal decomposition of 
[Ni(NH ,)g](NO,), The compound gave two endothermic peaks, at 150° and 
185'C, respectively, which were caused by the evolution of between two and three 
moles of ammonia per mole of complex This amount of ammonia was determined 
by collection of the evolved gas in a standard hydrochloric acid solution The am- 
monia to nickel ratio found as 2 76 1 On continued heating, the compound decom- 
posed violently, as evidenced by the exothermic peak at 260°C Mass spectrographic 
analysis showed only nitrogen, water and oxygen in the decomposition gases Not 
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enough information was available, however, to give the complete stoichiometry for 
the reaction 

The DTA and GE curves for the bf!- and /m{ethylenediamine)nickel( II) complexes 
arc given in Figs 6-8 



100 200 300 4 00 500 

TEMPERATURE, 'C 

Fio 7 — DTA and CiT curses of hn- and //n(clhylencdiamine)nickcl complexes (under 
helium) A and B [Ni(cn).IBr 2 , C and D [NUentjJBr.. 2HjO 



TEMPERATURE, 'C 

1 K. 8 DTA and CiE curves of rro(cthyIcncdiamine)nickcl lomplexcs (under he’ium) 
A and B [Ni(en),]l; C and D (Ni(cn),]SO,. t and f |Ni(cn),](NO ) . 
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I he h'iii]iIl\ |Ni(cn) ,]CK 21 L() i!.i\c onlv ciulollici inie peaks The first two 
peaks at 9^ anti 1 ft) C lespeslULlv eoi lesptnuleJ li) llie loss of the two moles ol 
hvdiate watei pti mok ol eompkx f he 131 A lesulls mdieateti that the dehydration 
was a Iwii-step ralhci than a one-step pioeoss as indieatcd by the weight-loss eiirve 
I he anluehoiis eoniponnd \wis stable up to .iboiit 225 C whcie a thud endothei mie 
peak began havin'’ .i peak maxim. i tempeialuic ol about 255 C' llowexei a gas 
evolution peak vv is not iletcelcd in this temperature langc althoiigli from T GA data 
tlieie was a eklimte weight-losx The only eonelusiein whieh can be drawn from this 
belia\io(M IS tfiat (a) a eivsiallme phase (lansilion oi llicimal leai langemenl has 
oeeuiieel oi (b) the loss ol ethyleiiediamine (lie|iiid). aeeordmg to the reaetion 

[N'(en) ]CI.(s) - [Ni<en)_CI (s) cn(l) 

has taken plaee 1 his lattei beliavioui would be similai to that loimd m several metal 
salt hveh ate syste ms " " Sueli a i eaetieui is possible it the system lias a quatli uple point 
wlieie the .mime nextloivei amine satiiiateil solution and etJiylenediamme vapom aie 
111 eepiihbi iiiiii .mil it this point oeeiiis .it in ethyleneduimme vapoiit piessuie which 
IS less til. Ill .itmospheie (ill this ease -^fiXt) mm) 

I he next eiidotheimie pe.ik .it ^20 C if the latter .issumption is coircet would 
eoiiespond to the theim.tl elfcet due to the leaetion 

cn(l) > €n(v) 

plus the ileaniiiiation of [Ni(en)^]C L The euive lot the /iiv-(cthylencdiamine) com- 
pound gave .1 simil.u endothei mie pe.ik at 310 C winch w.is due to eleammation 
icaetioii A Cil peak w.is .ilso obseivcd foi the latter eompound at this tcmpcratuie 
1 he last SCI les ol eiieiotlici niie peaks .it 390, 415 and 440 C. lespeetixeiy weie alti ibu- 
ted to the loss of the last mole of ethyleiiediamine and the lormation of NiCI, I he 
cndothcriiiie peak at 440 C coi responded to (he region on the weight-loss curve w Inch 
showed that thicc moles of ethyleiiediamine had been evolved It is appaient that the 
loss ol the thud mole of etliy lencdi.imine is not a one-step process Gas samples wcie 
collected for each of liic peaks and analyzed on the mass spcctiogiapli The endo- 
thermic peaks at 95 and 130 C mdic.itcd the loss of w.ilcr, while the remainder of the 
peaks showed only the evolution of ethylencdiannne 

The complex, [Ni(en). 5 ]Br^ 2H 33, gave endothcrniic peaksat95, 1 l(),290and 335 C 
The first two pe.iks vveie c.uised by (he loss of the two moles of liydi.ite water Com- 
parison with the weight-loss curves indicated that the endothei nnc peak at 290 C 
icsulted fiorii the loss of one mole ot ethylcncdiammc pci mole of complex, while the 
second endothermic peak at 335 C resulted from tlic loss of two additional moles of 
ethyleiiediamine and the formation of NiBr^ Analysis on the mass spcctrometei ot 
gas samples collected tor each of these peaks confirmed these results 

The complex, [Ni(cn) JC, gave only two endothermic peaks, as was expected from 
the weight loss studies 1 he first endotheimic peak at 325 C was attiibuted to the loss 
of one mole of ethyleiiediamine, while the second peak at 345 C resulted from the loss 
of the other two moles of elhylencdiaminc 

The complex, [Ni(en),]SO,, gave three endothermic peaks, at 360, 380 and 425 C, 
respectively In each case there was evidence of the evolution of gas The oiigin of 
each of the peaks is not know n specifically as the weight-loss curve indicates a continu- 
ous loss of weight to the oxide level at about 650’C Temperature limitations of the 
DTA apparatus prevented study above about 450 C 
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The complex, [Ni(cn)j](NOj)j, gave an cndotherniic peak at 220 C and an c\o- 
thcrniit peak at 265 C The endothermic peak gave no evidence cif’g.ts evolution and 
possibly resulted trom a crystalline phase transition of some type The exothermic 
peak resulted from the violent decomposition of the complex with resultant formation 
o( NiQ 

The two /i/s(cthylenediaminc> complexes decomposed in a manner similar to the 
///s(cthylenediaminc complexes, aflet the loss ol the fust mole of ethyicnediamme 
In the case of the chloiidc, the same peaks were piesent in the curve but were shifted 
to slightly higher temperatures I he biomidc complex decomposed giving a lathcr 
broad peak while the //o(ethylenediaminc) complex exhibited a shaiper peak lor the 
same decomposition leaction The reasem for this behavior is not kn<n\n 

C (jciuui/ 

II the minimum TGA decomposition tempcratiiies are taken as a rough criteria for 
the thermal stability of these complexes, the oider of me leasing stability for the hexam- 
mmc-complexes was NOj Cl SO, Hr for the loss of the remaining two 
moles of ammonia, the Older of increasing stability was Cl .SO, Br bor the 
un(ethylenediamine) complexes, the order of increasing stabilitv was Cl Br 
NO,'. I SO, 7 he order of incieasing thermal stability in an oxidi/ang atmospheic*'^’ 
was only slightly dilkrent oi Cl I Bi NO, SOj indicating that the 
iodide was much less stable flius. it appeaisthat the initial decomposition icaction is 
not one of oxidation but of thermal dissociation only The iodide complex is an 
exception due to the ease of foimation ol free iodine f'rom previous studies on the 
/;/s(ethylencdiamine)coppei(ll) sulphate,'"" it is seen that the corresponding nickel 
complex Is more stable, .110 vs 200 C for the coppei complex 

(he ethyicnediamme metal chelates, as was expected, were moie stable than the 
hexamminc complexes In almost every case the lattei complexes ilecomposed at a 
tciiiper.ilure one-hall to one-third that found loi the formei This mcieased stability 
of ethyiencdiaminc nickel chelates ovei the ammme complexes is also shown by 
caloiimelric heal-of-reaction data "" 

l(/^iir>u kd'cnu'iil I his work w.is sup[H)i led hy a gi ml liom llic ()ig,ini/cJ Kese iich I iiiid ol Texas 
I cclinological < olkec 

' I PoDiSHNand I ItnuKivi Ida ( luaii S(aiul 9, l407(19Ss) 

‘ Is U Ymsimiksmi and P M Niivikov /// /d Khan .tl, SM2 ( 1 947) 
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A BASIS FOR THE PREDICTION OF THE THERMAL 
DECOMPOSITION PRODUCTS OF METAL 
PERCHLORATES 

M M Markowit7 

Foote Minerjl Company, Research and Engineering Centre, Chemicals Division 
Route too. Exton, Penna 

{Rcceitec/ 4 June 1962, in lerneil /aim 6 Aiii^usl 1962) 

\bslratt — Depending on the cation, a metal perchlorate may decompose to yield the corresponding 
o\ide or chloride Accordingly, a systematic basis for predicting and rationalizing the reaction 
products of decomposing hydrated and anhydrous perchlorates is evolved by consideration ot the 
lelative values of the equivalent free energies of formation of the possible reaction products (oxides 
or chlorides) A review ot those metal perchlorates already studied demonstrates the validity of this 
approach Magnesium perchlorate represents an intermediate case in the treatment because of the 
comparable free energies of formation of the oxide and chloride As a result, it is experimentally 
conlirmed that a mixture of the two materials is obtained on pyrolyzing magnesium perchlorate. 
Hclow 427", the formation of magnesium oxide appears to be due to an internal oxygenation reaction 
MgClz (solid) '! iOj (gas) MgO (solid) ' Clj (gas) If the free energy data are not available, the 
equivalent enthalpies of formation of the possible reaction products may be used as guides to for- 
mulating the cxpccled preponderant reaction residues 

Ofspni Wide variations in the sizes, electronegativities, and polarizing powers of the 
cations, and crystal structures and phase changes of metal perchlorate salts, these 
conipounds generally achieve significant rates of decomposition below 600"' However, 
depending on the cation (M'"), the residual product of pyrolysis of a hydrated or 
anhydrous metal perchlorate may be preponderantly a chloride as formed by the 
overall reaction 

M'''(C10j)„ xHp, \ - 0, I (1) 

tu (he residue may be substantially an oxide as generated through the summaiy 
cq nation 

M" (C10;)„ \Hp ► IM/' 0„ ' I ISiiO, \Hp, \ - 0, 1 (2) 

I he pyrolytic behavioui of metal perchlorates is unique when compared to the de- 
ci'in positions of other melal compounds containing decomposable polyatomic anions, 
c g , the melal nitrates," carbonates.'” sulphates"’®* and hydroxides,'®’'” which all 
iillimately decompose unambiguously to the corresponding oxide or free metal (if 
h’l example, as in the case of silvei oxide,''’"* the oxide is unstable at elevated tem- 
pcidtiiics) Thus, the picseiil study is an attempt to explore the duality of possible 

M C I NiNFRszwrR, Chcm 19,419(19.18) 

' "S V SHiWic K, The Chemical Elements aiul Then Compoiiiid't,\o\ I,pp 700-701 Ovlord(l9S0) 
^ I VAN Arkei, Molecules anil Ci\slals in Inorganic Chemisti) , pp 118 119 Bultci wurths, 
I oiidou (1949) 

^ tj OsiROiF.mdR T Sanofrson, 7 Jnoig Niicl Chem 9,45 (1959) 

K I Sanofrson, C/ic/uiro/ f’ei/oi/iri/y, pp 162 165 Reinhold. New York ( 19(v0) 

H t Johnston and T W Baufr J Anier Chcm Soc 73,1119 (1951) 

'' N Irwis, Z Phys Chem 52,310 (1905) 

*’ I HrRiiYandF G PROUi.d Arncr Chem Soc 82,1540(1960) 
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tlioim.il iktompo'-ilK'n punluLls of ptithloiatcs and lo devise a b.isis on which the 
nalniL o( the (inal pviolvsis piodiiets of metal pcieiiloiales can be anfitipafed as a 
function o( lempeiatun. 

fhe hvdialed (liCK), \H,() \ I ^ NaCI()(H^O) and anliydious alkali 

nici.tl pcicliloiales all decompose piedommantly following Lejiiation (I),''' as do 
bolh calcium ( \ D 4) hai imn f \ 0 1)"-’ and silver peichloiates f \ 0) 

Hvdiatcd aluminum ( \ 6)" ' ' and lei i le ( \ 6)""’ peiehloiates on flte othei hand, 

loliow 1 c|uation (2) Magnesium peichloiaie (\ 0,6)"- appeals to lepiesent a 

liansitiiinai V case because a misfuie of b<)th magnesium oxide and ehloiide is found 
to oeeui as the Imal leaclion piodiiel Disiupfion id the peiehloiale gioup ean be 
eoncomiiaiU with clch>dialion dUd hydiolysis leaelions as piobably lake place with 
the liycliated peiehloiates ol the wcakei bases e g , I e‘ and Al’ 

/ //I I luimn s <)/ me uil jn 1 1 Itloialc da oiiiiutsilKun 

fhcie IS a paiicit'y ol fiee cUeigv data pei laming lo the metal pcieltlofalcs Hovv- 
evci mimeiical data aie available*"’' lor the slandaid lice eneigies of foimalion at 
25 of potassium ( 72 7 keal'mole) iubidium( 7 1 2 keal/mole) and cesium ( 73 7 

keal/mole) peiehloiates It is mstiiieiive to compute ihe ehanges m enth.ilpy (A// ) 
eiili opv < A S ) <inc! 1 1 ee eiie I gy ( A/ ) eol lespivndiitg to the loliow mg i eaeliivns at 25 ’ 

MCK )| (solid ) • M( I (solid) 20^ (gas) and (3) 

MCK)|(,olid) ^ ^\1 3) (solid) Ul, (gas) , jO.lgas) (4) 

wheie M K. Rb C s 

I VIII I I I III l(\l« lOV S VMK iu\s.(.is ISVOISM) IN III! I )l I OM 1 ‘OSI I IONS Ol IIII 
VI K \ l I Mil M ri l« Ml OH \ 1 1 s \ I 2 ‘v 


Kc IClH 

’ll 

A/ ,, ,, ( kc il mi ik ) 

A// „ 

(kc irmok ) 

AS 

(cat mole ) 

K (t 

4) 

25 0 34 2 

0 7 

61 1 

S6 2 

90 2 

Rb (3, 

4) 

25 3 3,5 4 

! 0 

64 1 

SS 2 

S7 2 

( s (3 

t) 

26 2 tt 3 

0 4 

65 9 

,S9 2 

152 5 

1 1 (3 

4) 


6 0, 

20 5 



\a ( 3 

4) 


6 0 

42 5 




hor the fust three mateiials ol fable I, reiietion (3) is eleaily lavoured theimo- 
dynamieally and is known lo be predominant kmetie<illy Though the liee eneigy 
c’hanges lor the alternate states of decomposition of lithium and sodium peiehloiates 
ate not known, dilTerential theimal analysis (IDTA) studies''' have shown ihcir 
pyrolysis leaetions to be exothcimie This behavioui is then thei modynamieally 
consistent with leaetion (3) as being favoured 

"" M M Maksowiiz O A Hoiiv i ,\ and R t tfxKKis / rins Clum 65, 2(il (1961) 

M M Mxiikow 1 1 z and O A Rons i /Iw/Zi/ (/;<•»« .42, |StjX()960) 

"" M M M Mikovv 1 1 z and f ) A Rons i \ I 'npublwlied results 

"-’A A /iNovivand L I C i moinoxa, /// .Wa/g k/iif/i 1. 1722(1956) 

"■*’ S CiOROON and ( Csmpbili, IiuiIm Chim 27, 1102 (1955) 

M M MxKkowiiz.y /"/;m Clum 61. 505 (1957) 

" ’ Cj ti Marvin and L B Wool avi k, daa/t / Chem 17, 474 (1945) 

'"’I t- 17 Rossini, 17 t) Waomvn W II Lvans S liviNiandJ Imii Si li-i led I tiliw, <>/ Clicmiciil 

TIui miiiUmimus /'la/xi/nv, N.itional Buicaii ol Slandaids Cireulai 500 US Gove'rnment 
Printing tttTiec Washinglon, 17 C (1952) 

"■I M M Markowi iz anti D A Boryta, / F/n\ C'licrn 64 , 1711 (1960) 
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Only a stngle compound is among each set of leaction products of Equations (3) 
and (4), the remaintng products being elemenlal gaseous substances The alternate 
fotmulation of reactions (I) and (4) as 2M'''(C10,)„ -> M^" 0„ /iCl^O- docs not 
appear justified because of the established instability of dichlonne heptoxide even at 
room temperature It is clear that AF”r,,.. t mi k),> «ihd Af ^ 

- — AF‘\,, 1,,^ Now, AF",^„ , A/-^, 4, which is true by virtue ol the 

inequality AFj^,, , ' iAE ^,^,1 Thus, the decomposition reaction actually observed tends 
to proceed in the direction yielding the product of lower equivalent free energy of 
loimation (1 e , AF°,,|||,, Af”i„rmiiiim/">'’ “ valence of cation, and v ^ 1 for 
chloride and v 2 for oxide) 

Inspection of Table 2 (appropriate data collected from References (16), (19) and 
(20)) confirms that the relative values of the equivalent free energies of formation of 
the chloride and oxide determine the ultimate reaction products In each instance, 
except for magnesium perchlorate, the dilferenccs m AF", are consistently large and 

TaBI h 2 -Dll FFRFNC PS !N 7HF I QUIVAI FNI f RTF I NFR(.ILS AND ENFHAI PfES Ol 
FORMATION OF VARIOUS OXIOFS ANO CVII ORlUl S 


Perchlorate 

Known dccomp 

(A/ G 

- Af „), 

„Hv (A//“,, 

3// : 

salt 

pioduct 

25 

427 

627 

25 

1 iClO, vHjO 

LiCl 

25 0 

23 1 

22 

26 5 

\ 0, 1, 3 

NaCIO, iH-O 

NaCI 

46 8 

44 7 

43 3 

48 5 

X 0, 1 

KCIO 4 

KCI 

-594 

57 4 

- 56 4 

-608 

RbCIO, 

RbCI 

63 7 

61 8 

- 60 2 

~ 63 4 

CsCIO, 

CsCi 

(>7 0 

66 0 

65 0 

65 6 

AgCIO, 

AgCI 

24 9 

22 6 

23 0 

26 8 

AKClO,), 6H.O 

AI,Oi 

I2 2 

14 6 

11 3 

11 2 

EcCCIOPj 6H,0 

Ec .0 , 

MgO and MgCI. 
mixluie 

-I 5 

5 1 

4 9 

07 

MglCIOj), \H.O 

X 0, (s 

2 8 

00 

1 4 

-4 8 

CalCIO,), xH^O 

Cat I, 

180 

16 2 

15 6 

- 19 7 

X 0 4 

HafCIO,). xH.O 


38 7 

31 8 

30 5 

36 1 

X 0, 3 


negative in the direction of the realized decomposition pioducts ovei the tempeiature 
range fiom 25 627"’ Indeed, for each perchlorate in Table 2 but magnesium per- 
chloiate, the reaction residue could be predicted liom the difference in A/- ,,1,,^ of the 
chloride and oxide at 25"’ 

As a general rule it would appeal that the nature of the major pyrolysis product of 
a metal perchlorate depends on the relative ionic characteristics of the chloride and 
oxide Consequently, most polyvalent metal perchloiates, except those alkaline earths 
loilowmg magnesium, would be expected to yield the corresponding oxides on de- 
composing rather than the chlorides w'lnch tend to display marked coxalent properties 
•eg, AICI4 and FeCI,) This ticnd in obscived reaction product distribution is also 

t C Addison m Mcllor’s Comprchcnsti'c Dealnc on Inoii'anic anJ Iheoutuiil Chcrnisiry 
^supplement II, Part I, p 542 Longm.ins, Green, New York (1956) 

"" G I Smithei LS,Me/rt/iZte/mv;eeB<wA., Vol 2,pp 590-591,596-598 lnterscience,Nc\v York! 1955) 
J P CouGHLW, Coiiliihiilwn'i to (he Dala an Theoretical Mela!li<i !(V Xll Heat\ amt Free Fnenpes 
of F onnalion of Inorganic Oxides, Bureau csf Mines Bullclin 542, U S Government Printing Oflite, 
Washington, D C (1954) 
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consislLiil with the generally lower base strengths of many polyvalent metals On the 
basis of the fiee energy criteria proposed here, the perchlorates of beryllium(ll), 
/ine(ll) lanthanum(III), and thonum(IV) would be expected to yield the oxides on 
p\iolysis while the peiehlorates of mereuiy(ll), eobalt(ll), and eadmium(ll) w'ould 
yield the eoi lesponeling ehloiides on thermal decomposition Cuipric perchlorate, 
like magnesium perehlorato, appeals to be an intei mediate case in which a mixture of 
oxide <ind ehh'nek is to be expeelcd as a lesuit of decomposition 

1 he ihc I /mil (h i <ii?ip(>\i/i<>n of nui"ncsiuiii peulihuitc 

Because I'l the eompaiable free energies of foimation of magnesium chloride and 
oxide (Table 2) at decomposition temperatures, the product distiibution cannot be 
imambigLiouslv dctei mined thiough application e>f the foregoing treatment An early 
tliei mogra\ imeti le analysis (fC/A) stiidy*'^* of m.ignesium perchlorate hexahydrate 
had led to the intci pielalion that magnesium oxitle was foimed due to sequential 
hydrolysis and deh ytlroxylalion leaetions 

Mg(( l()|). 6H,<) - Mg(OH), 2HCK)j , 411/) (5) 

Mg(()M), . MgO 11/3 (6) 

llovycNci this icaetion course does not appear likely in view of the facts that pure 
anhydrous magnesium peichloiate is actually prepared by dehydration of the hydiate 
at elevated lempciatuies ( I 'SO A()() ) that lioin more recent DTA and gas evolution 
stLiehes"-* it has been dctci mined that a long temperature interval exists between de- 
hydration (141 liS5 ) and the onset of rapid perchlorate decomposition (410 ), that 
the same product disliibution is <ibtaincd from hydrated or anhydrous magnesium 
perehloiale and hnally, that magnesium hydioxidc would not be expected to de- 
compose completely in ambient an at moderate temperatures because of the low 
dissociation pressure ol water shown by magnesium hydroxide (10 mm at 300") 
Two possible decomposition reactions may be foimulated following Equations (I) and 
(2) T hese reactions ai e 

Mg(C lO,), (solid) -> MgCE (solid) ' 40, (gas) (7) 

-^7* re u 7 -^7 I ' Af M);(< Ing^, 

and 

Mg(CTO,), (solid) ► MgO (solid) , CT, (gas) • (gas) (8) 

-^7 K.K s A/- AF M^.(( 10,0 

Because the free energies of for matron of magnesium chloride and oxide are compar- 
able, reversible inteiconversion of these two mateiials is possible through the effects 
of the equilibrium 

MgO (solid) -1 Cl, (gas) MgCl, (solid) ’,0, (gas) (9) 

^7^ rial 1) “ -^7^ viKii, ' Mho 

Ar/,,.; AF",,es 

RT In ,^) 

(211 G t- Smith Deh\(lralion Studies Usini’ Anhydrous Mayiiesium Pcichloialc, pp 22-32 G F 
Smith Chemical Co , Columbus, Ohio 0951) 

N V SiiXiWicK The Chetnietd hdemeuts and Their Compounds, vol 1 p 235 Oxford (1951) 
K k KrriiY Lncis^y Rei/uiwriieuls and Ccjuihbria in the Dehydration, Hydiolyns and Decorn- 
position of AI(i"ncsiiini C h/oi ide, pp 18-20 Bureau of Mines Technical Paper 676, U S Govern- 
ment Prinling Office, Washington, DC (1945) 
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Lxpenmental studies have shown that the equilibrium represented by Equation (9) is 
achievable in practice j^^s, it would appear that the composition of the vapour 

phase in contact with decomposing magnesium perchlorate and the rate of equilibra- 
tion (Equation (9)) should primarily determine the nature of the reaction residue 
It IS anticipated that if appropriate control of the gas ratio, could be 

maintained throughout a mass of decomposing magnesium perchlorate, the reaction 
product could be predetermined Under the essentially irreversible conditions of the 
usual DTA or TGA experiment, it seems reasonable that the important factor will be 
the composition of the vapour phase m immediate contact with the pyrolysing 
material, i e , the instantaneously evolved gaseous decompositions products Below 
427'" (AE\fgo 427 =- 437 ). breakdown of magnesium perchlorate by reaction 

(7) will yield an exceedingly oxygen-rich atmosphere which will then tend to convert 
the chloride to oxide by virtue of the reverse of reaction (9) The extent of conversion 
of chloride to oxide will be dependent on the rate of oxygen-chlorine exchange and the 
lime duration of the oxygen gas evolution As the oxygen issues from the interior of 
the decomposing magnesium perchlorate, the gas sweeps away chlorine w<hich would 
tLiid to reconvert the oxide and provides the gaseous reactant partner for magnesium 
Lhlonde Thus, below 427°, the product distribution may be determined by the 
(ollowing reactions 

Mg(CIO,)2 (solid) - > MgCE (solid) | 40, (gas), (10) 

and 

MgCE (solid) I JO2 (gas) ->■ MgO (solid) f Cl> (gas) (II) 

Above 427\ it appcais that direct decomposition to magnesium oxide is possible, vi/ , 
Mg(C10,),- > MgO -I CI2 !- 10., 

It IS of interest to note that decomposing anhydrous magnesium peichloratc does 
not liquefy even when heated to about bOO" The DTA curve for anhydrous 

magnesium perchlorate reported by Goroon and CxMPiu li must actually refer to 
magnesium peichloratc hexahydrate for both fusion and boding phenomena are 
indic.itcd by visual observations and by low tempciature endotherms A comparison 
ot their DTA cuivc with those obtained for both the hydrated and anhydrous 
maleiials*'-* shows a close resemblance to the curve for the hydrate 

rile product disti ibulions fiom magnesium perchlorate heated to about bOO" in 
KjA experiments*’*’ arc virtually ii.iinfluenced by the gaseous atmospheie above the 
decomposing perchlorate, thereby indicating that the internal gaseous envitonment 
within the perchlorate determines the final pyrolysis products TGA runs cai ried out 
m this laboratory in flowing argon and oxygen atmospheres gave on the bases of 
sliLmical analyses, final residues of 93 4"„ MgO. 6 I MgCE "n MglCIO,)^ 

(bv dilleicnce), and 93 5°(, MgO. 5 7°„ MgCE and 0 8°; Mg(CIO,), (by ditference). 
i^speclively Constant temperature studies (391° for 24 hr) show that the magnesium 
' hloiide produced can be maintained to some extent by lemoval of oxygen Tims, 
undLi flowing argon, a residue of 16 2% MgCE, 5 3°; MgO and 78 5"„ Mg(C104), 
<bv difleicnee) is obtained, whereas under flowing oxygen less magnesium chloride 
''^'’’‘iins, i c , 12 5% MgCE, 7 2% MgO and 80 3% Mg(C10,), (by diflerence) 

" * tlAHrR and F Flcischmann, Z Amn^ Chem 51, 336 (1906) 

'W Hirschkind, Anort; Chem 67. 113 (1909) 
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Inlet lull (i\ \ "ciiation ejlcds in decomposing pcichloialcs 

I.ai^c local concentration and picssure inltomogcneilies in the body of a mass of 
decomposing pcichloiale can afford sulhcicnl driving foicc to produce some oxide in 
ilic filial icsickic of a pcichloiale vvheie the chiondc is the othciwisc favoured de- 
composiiion piocluci riius (lie picpaialion ot puie magnesium chloiide from mag- 
nesium pcichloiale appears to be impossible in the usual theimal decomposition 
icaclioii I Ins cflect of inlcinal oxygenation may account for the observed release of 
V Cl V small amounts ivf chloi me ( paits pci million in the oxygen evolved from potassium 
pcichh'ralc'-'’') ,mcl the icsullanl alkalinity due to the piescnce of some metal oxide 
(0 I 0 d"„ Ln<) liom decomposed lithium perchlorate*"’ m the pyrolysis products 
liom lilliium sodium "" calcium"-’ and potassium peichlorates 1'hus, the reaction 
below c<iulcl he diiven to the light by exceedingly high ptessuies of oxygen such as 

2\1" Cl„ - Mf' 0„ , ;/CK (1 2) 

might ocelli dm mg the ciccompostiions ol ( ondensed phase perchlorate salts Nevei - 
Ihclc ss t he pi I mai V I cact Kvii I oules loi I hese peic h loi ates fend to gi v e the coi i espcmdmg 
chloiicles In the c|u.inlilativc conveision c'f perchloiafc salts to chlorides.’-’^’-'" it is the 
usual piiiclice to mix the solid pcichloiate with a huge quantity of anhydrous sodium 
caiboiiate and then to heat the mixtuie to fusion in a platinum ciiicible ovci a blast 
lamp It seems likely m this pioccduic that any chloimc loimed in the melt will then 
lead with the sodium caibonate to leloim chloiide ions as per Na^CO, - CK— » 
2NaC I U)j (SO, I his leaction is essentially the reverse of equation (12) 

If IS peitmcnt to note that the interaction of .i gaseous pyiolysis product with a 
coiiclciisc'cl phase icaction residue has also been rcpoiled to occiit duimg the thermal 
decompositions ol various metal oxalates”"’ In addition, the accumulation of high 
piessuies ol leaction gases within condensed phase residues has also been noted by a 
numbei of investigators”' 

Lnllicilp] and cnliop\ licnds in nu'hd penlilouitc di’coniposilions 

rite data in Table I demonstrate that whereas the enthalpy changes chaiacteiizmg 
the allcinale peicliloiate decomposition states differ ccansiderably, the coiiesponding 
entiopy changes aie quite similai Therefore, the diffeiences m liec eneigy changes 
lor reactions (3) and (4) leside piimaiily in the enthalpy changes These latter are, in 
turn lelatcd to the highci equivalent enthalpies of formation of the chlorides as com- 
pared with the oxides The similai ifics in entiopy changes between the two final states is 
not unexpected because almost the same numbci of gaseous molecules aie produced in 
each tcaction Accordingly, an alternate means for predicting the course ol perchlorate 
decompositions might be based on the relative equivalent heats of formation 

SS.H forirntionA’V’- " valcitce of catioii, and V - = I for chloride and > ^2 for oxide) 

'-•■'A F H\ii\rs,C I WxssiNk, T A Roocurs and K H SrrRN, /l/m New Yotk •icail Set 79, 
971 (1960) 

M M Markowitz and D A Borsta, 7 Plus Chem 65, 1419 (1961) 

K A KorMANN, A Mir/iiR.ind K Hoi bolo, fler Chem Dtsch Ges 43, 1080 (1910) 

(=») p p) I ,,nd F M Buhn, Coinmeiciol Medwih oj Analysis, p 128 McGraw-Hill, New 
York (1944) 

(3IJI IOavio Bull Sac iliiin 719 ( I960) 

O CiAFNrR, Tians Faraday Sac 55, 981 (1959) 

(121 A GiASNiRandL WiiorNrrio J Aniei Chem Soc 74,2467 (1952) 

A GiASNiRandM Sihnbiho,/ hiorg NucI Chem 16,279 (1961) 
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of the oxtdes and chlorides This approach is less rigorous than that based on the free 
energy considerations Nevertheless, the greater abundance of enthalpy of formation 
data 111 comparison to free energy of formation data makes this enthalpy development 
useful Inspection of Table 2 [appropriate data collected from References (16) and (20)] 
indicates the ability of the equivalent enthalpy difTercnccs at 25"' of the possible reaction 
product pairs to predict the final decomposition states In general from Table 2, the 
cflect of rising temperature on the diflerences in equivalent free energies of formation 
is small It seems icasonablc that over the limited temperature range considered here, 
a similar consistency will be shown by the diflerences in equivalent heats of formation 
of the oxides and chlorides 

The lathcr close uniformity of thermodynamic values for reaction (3) as listed m 
fable I for the observed decompositions of the alkali metal peichlorates is note- 
woithy The enthalpy changes foi the decompositions folloumg reaction (3) ate 
small, Iheieby indicating that the free energy changes are favoured by the latge entropy 
changes occasioned in these decompositions This similarity in properties might indi- 
cate that lithium and sodium pcichloiatcs also imdcigo an entropy change of about 
XS e u upon decomposition to the chlorides This then yields an estiinaled value of 
about 60 kcal/mole foi the fiee energies of formation of lithium and sodium 
perch lot ates 

PtSCUSSIDIl 

The metal pcichloiatcs, like a numbei of other theimally unstable compounds 
fc g , hydrogen pcioxide, ethylene oxide, intrometlianc, etc ) aie thermodynamically 
stable with inspect to their constituent elements but are unstable relative to certain 
other teaetton products The appaient stabilities of the pure metal perchlorates aie 
piobably due to the endothermic or usually small exothermic changes during decom- 
position so that self-propagating pyrolysis is not possible It is likely that all metal 
perchlorates aie irreversibly thermally unstable at modeiatc tempeialures and that the 
limited upper lange of decomposition tempciaturcs merely reflects the intrinsic in- 
slabilily of the peichloiate gioup at a level where the decompositions can become 
kinetically measuieable as with the DTA oi TGA techniques 

The aigumcnts presented thus far have referred solely to the relative stabilities of 
the possible final decomposition products as dictating the pyiol^tic fate of a per- 
chloiate No consideration has been given the various kinetic steps by which the 
ultimate products ate formed The question aiiscs, however, of the possibility of 
i.ht1ercnces in product distributions between the hydrated and anhydrous forms of the 
same perchloiatc due to kinetic steps involving hydrolysis of the peichlorate, decom- 
position of the perchloiic acid so-formed and dehydiation of the resultant metal 
hydi oxide, I c , 

M"TC10,)„ vH,0 > M"'(OM)„ r nHClO, (v - n)H,0 

nHClO. >-H.O I--CI. !- 1 75nO. 

2 ~ 2 ^ 

M" (OH)„-> I ^ HX) 

M"'(C10,)„ vH20-^ '0„ + + 1 15iiO, , \H_,0 versus akinetic 
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sec|ULm.cfoi the anhydrous pcrehloralc leading to the overall reaction M'"(C 104 )„ 
► M'' C l„ 2/z()^ However those perchlorates susceptible to hydrolysis are 
probably the very ones which have chlorides more covalent than their oxides and 
thus tile anli)drous peichloiatcs wttuld be expected to decompose to oxides as well 
Dehydration ol hvdratcd peichlorates is frequently quite difficult because of strong 
coordination of watci molecules to the cation and extensive hydrogen bonding with 
the pci chlorate anion As a lesult, in stmie instances dehydration and perchlorate 

decomposition leactions may occur simultaneously The hydrcslysis by water-vapoui 
ol .1 metal chloiide ts piimaiily dependent on the relative equivalent fiee energies of 
loimation ol the chloiido and oxide Thus, lor the hydrolytic icaction 

M" t l„ '^IKOtgas) >/;HCl(gas) 1 


A/ 


i'M 


Ar 


) ! »(Ar 


HI 1 




I he m.ignilude ol the tci 111 (Af \|,| ny,)''' ‘'•ii4llat25 '( > 4 5kcal) and decreases 

with increasing temperatiiie Within the range of perchlorate decomposition tempera- 
tuies (400 600 ), the value of this dilTerence is very close to zero Accoidingly, the 
possible conveision of a chloiide to oxide by hydrolysis appears remote except for 
those instances where the equivalent fice energy differences of the leaction product 
pans aie small The geneiality of the fice eneigy criteiia pioposed tot the original 
perchlorate decomposition reaction is thus preserved 

The preceding discussions have centred on the metal peichlorates Nevci thcless, 
the considerations picsi.ntcd here may be of value in rationalizing and predicting the 
thermal decomposition products of other metal halatcs such as chloiatcs, bromates, 
lodatcs and the like 


""A F Wni s, S/I iirliiiiil CVie;/)/sfi v (2ncl F,cl ), pp 441-44t Oxford (1950) 

’ N V Masii ind S Ramvsisman, / Aiis/ 115, 97 (1961) 
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MONONUCLEAR HYDROLYSIS OF TITANIUM (IV) 
FROM PARTITION EQUILIBRIA 

A LiBrRri, V Chianti lla and F Corigliano 
[stituto di Chiniica Analitica-Universita'-Napoli Italy 

(Received ^ August 1962) 

\bstract — The mononuclear hydrolysis constants of titanium (IV) have been calculated by means of 
pailition data lor titanium (IV) between aqueous solutions 0 1 M in peichlorate and organic solvents 
containing 8-hydroxyv]uinolinc in chloroform and TTA in ben7cnc The experimental data can be 
explained in terms ol the following equilibiia 

[Ti(OH)/+][HM/ITi()H“’) 10 ' 

lTi(OH),+ ](H+]-/[ri()H’'J 10 ' 

[TilOHlJIH^f/ITiOH-*-] 10“’ 

Since the existence of Tl*^ IS ruled out in the pH range 05 t, the solubility product of titanium (IV) 
hydroxide [ I iOH]“*^[OH ] ' has been determined 

1 he lormation constants of the complexes titanium ITA and titanium oxine in water solutions 
have been calculated by taking into account hydrolytic cquilibiia 

Tut nature of the chemical species formed by litanmm (IV) iii solution is not well 
known, no systematic study of the equilibrium hydrolysis of this ion has been 
performed and difTerent conclusions have been reached by dilTcrent workers 
Barksoai I gives only speculative formulas for the various species, while Beukln- 
KVMP and Hi RiUNOTGN<^’ claim as a result of an lon-exchange investigation that 
lilaimim (IV) exists in two ionic forms Ti(OH)j and Ti(OH)>-’ , Dn AFOSSf' " how- 
ever, from extiaction studies, concludes that Ti(OH)^ and TiO-' exist together, the 
toimcr predominating at pH ' 0 3 and the latter at pH 0 4 

The present paper describes a study of distribution data for titamum(lV) between 
aqueous solutions and organic solvents containing vaiious ligands Since the hy- 
diogcn ion concentration affects both the distribution equilibria and the titanium 
(IV) hydrolysis, when allowance is made for complexing by organic ligands in the 
aqueous phase, the distribution data can be used to calculate the constants of the 
livdrolytic equilibria A series of extractions of titanium solutions was carried out 
<il constant tome strength (0 1 M CICT* ) at 25’ with solvents containing 8-hydroxy- 
quinoline (oxine) and thenoyltnfliioroacctone (TTA) over a wide range of con- 
cenlialion of the cation and of hydrogen ion The data ate collected in Table I and 
log (j IS plotted versus pA for both systems m Figs 1 and 2, experimental details 
aic leportcd elsewhere^ The solid curves are based on values for the constants 
obtained by using the two parameter method of Dvrssfn and Sit tin"’' Tn the 
lilaiiium oxine system the curve passing through most points has a slope which vanes 

" I fUuKSDAii, Tilamiini Ronald Picss, Co, New Yoik (1949) 

J III UM MXAVip and K D Hh<rinc.ton. 7 Aimr Chciii Soc 82,5025 (1960) 

' t) Dn ArossL 240, 1991 (1955) C R Acad Sci Pans 
’’ 5 I III! RTi and V Ciiianiflia, Ann 'C/iim 52.495 (1962) 

' 5 liHiRii, V Chian irn A and P Coriouano Anri Chiui 52,811(1962) 

' 19 Dyrssi N and L G Sh-Lfn, Acta Cheni Scand 7, 663 (1953) 
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from 0 to 2 For the system titanium TTA the curve has a slope between 0 and 3 It has 
been shown that the extracted complex is the only one present in the aqueous phase 
The constants for these systems and for the titanium-sahcylie acid complexes, 
obtained by the same procedure'^’, are summarized m the following table 








Number of ligands 
in the extracted 

Ligand 

log (stability constant) 

pH range 

species 

Oxine HA 

A, 

13 4t 

A. 

It 85 

10 3 0 

2 

Salicylic acid HjA 

A'l 

1 7 


27 

15 3 0 

2 

A, 

3 7 

A'. 

47 



1 1 A 

^0 T 

21 92 



0 5 20 

3 


Since 111 the presence of a chelating agent the species extracted is the one 
which has no charge, and since the number of ligands per mole of titanium is 2,2 and 3 
with oxine, salicylic acid and TfA respectively, it must be assumed from the prin- 
ciple of electroneutrahty that titanium is present in difl'crcnt hydrolytic forms, and 
the extent of hydrolysis should be a function of the hydrogen ion concentration 
I he pK range in which titanium is extracted by TTA (presumably as 7i(04)(TTA), 
IS slightly more acid (0 5-2 0) than that in which titanium forms complexes with 
olhc! ligands (10-3 0) In more acid solution the hydrolvsis equilibrium is displaced 
towards li(OH)* and in less acid solution a more hydrolyzed species such as 
1 1(01 l)r' takes part in the Issrmation of the extracted complexes 

1 he experimental data of Table 1 have been used to calculate the hydrolysis 
equilibria by following the scheme, which accounts for the inlluence of a secondary 
ligand on the partition of an inner complex between an organic and an aqueous 
phase in this case [OH ] has been taken as a secondary ligand This scheme has 
been applied by seveial authors, eg Rossotii and Rossonf'' The equilibria are 
iclated to mononuclear hydrolysis of titanium, since in the range of concentration 
used, the experimental data do not indicate the existence of polynuclear hydroxo- 
somplexes The thcorctic.il principles of the calculation are as follows 

The gencial expression for the distribution ratio q relative to the partition of a 
metal ion which undergoes hydrolysis, and which forms complexes which can be 
cxliacted by an organic solvent, is 

2 1’ [H,..MeAJ„, 

« O \ I 

'' yMc(OH),. 1 N l[H,,MeA,]l 

I i> \ h 0 II \ I 

I 2 A„,x,,,/i«[A ]' 

n 0 \ I 

^ I I 2 ; 2 2 h. ,y'1A ]’' 

II 1 II i) II \ 

'vhcre - [H,,MeA,U[H,..MeA J ' 

-- [Me(OH)/?]/i'’[Me] ' 
x„.n = - [H„MeA„][Me]-Vi ^A ] '• 

' • J C Rossorri and H Rossom, Ada Chem Scamt 10, 779 (1956) 
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|A ] 1-1 Ihc concentration of the ficc ligand in aqueous solution and h the hydrogen 
ion concentration, h and B have negative values foi complexes with OH groups 
If the two phases have equal volumes, the sum of Lineomplexed TTA in both phases, 
A IS given by 


V[I1/.McAJ N lnlH,,MeAJ 

/> I) A 1 // 0 n I 

Ihc last (eims are negligilrle compared with since with the expei iinental con- 
ditions usually employed ( ^ [Me] The concentration ol A can be calculated 
(lom the lollovving cxpicssion 

C\ 1IIA],„, [IIA] [A ] [A ]l/v„,//(/) ! I) li (2) 

wheic 

A,,, |llA|/i '[A ] ' and D [I1A],„JHA] ' 

II the acid IS weak, [A ] can be neglected compared witli othei species and also 
A|[ ,,//(/) I) I fiom equation (2) we then have 

[A ] - i ;A, ,,/!(/) l)i ’ 

Intioducing this value in(l) we obtain 

1 1A,..cA„,/,« 'A' 

iT . l'\/' ^ 1 1 A,, „/i'' "A’m 

I ;l : * 1) H -1 1 

wheie 

A„„ A'„, '•(!) 11)" (3d) 

We may assume tiiat at high acidities titanium is not complexed by any organic 
ligand, and hence 

lim (2 log r//3 log /i), ^ B - N (4a) 

' _ 

hm (h log <//<) log O ,),, - ,V (4b) 

I, ■ > 

B and N die the average numbers of hydrogen ions and ligand groups attached to 
each metal ion in the complex in the organic phase The values of B - A^and N 
allow us to obtain the stoichciomctnc coefTicicnts of the extracted complexes In 
absolute values B V is equal to the charge on the metal ion 

When S OandA A, i e only onecomplex is formed, vve may define a function 
1 ’ as follows 

V logf/ N log A \- N log h - (5a) 

- log ^(1 V A'(, ^ log [1 i 1 xji "ill J>" (5b) 

pi h H L 

Trom the plot of r vs (log/i), ^ we obtain information on the nature of the species 
existing in aqueous solution If the ligand is a weak base or acid, v is independent 
of log h and no complexes arc formed , if^' depends on log h only hydroxo complexes 
will be formed If v depends on both log h and A we may either have formation of 
both hydroxo-complexes and organic ligand-complexes or of the latter only In this 
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Table 1 


Ti(iV)-oxine 


li(IV)-TTA 


Ca 

f TKI^ 1 



Ca 

6 U(n 1 



(M) 

(mM) 

logy 

pX- 

(M) 

(mM) 

logy 

pA 

0 040 

0 140 

0551 

12 364 

0 200 

0 250 

1 294 

6 757 

0 040 

0 140 

0 926 

11 940 

0 200 

0 250 

1 405 

6 737 

0 040 

0 140 

0 680 

12 162 

0 200 

0 250 

1 348 

6 602 

0 040 

0 140 

1 226 

1 1 774 

0 154 

0 250 

1 269 

6 647 

0 040 

0 140 

1 226 

II 593 

0 150 

0 250 

I 091 

7 328 

0 040 

0 140 

0 867 

9 104 

0 150 

0 250 

1 137 

7 296 

0 040 

0 140 

0 916 

11 120 

0 150 

0 250 

1 239 

7 170 

0 040 

0 140 

0 237 

13 189 

0 150 

0 250 

1 298 

7 046 

0 040 

0 140 

1 076 

10 845 

0 150 

0 250 

1 319 

7 009 

0 040 

0 140 

0 197 

12 382 

0 150 

0 250 

1 335 

6 952 

0 040 

0 140 

1 408 

10 588 

0 150 

0 250 

0 843 

7 259 

0 040 

0 140 

0 865 

10 000 

0 150 

0 250 

0 080 

7 767 

0 040 

0 140 

1 097 

9 389 

0 ISO 

0 250 

0 202 

7 676 

0 040 

0 140 

0 957 

9 455 

0 150 

0 250 

0 671 

7 552 

0 040 

5 000 

2 397 

14 376 

0 150 

0 250 

0 727 

7 466 

0 040 

5 000 

2 885 

14 576 

0 150 

0 250 

1 251 

7 093 

0 040 

5 000 

3 000 

14 574 

0 075 

0 250 

0 271 

7 991 

0 040 

5 000 

- 2 584 

14 440 

0 075 

0 250 

0 856 

7 967 

0 040 

5 000 

2 328 

14 300 

0 075 

0 250 

1 244 

8 024 

0 040 

5 000 

2 657 

14 360 

0 075 

0 250 

0 921 

8 082 

0 040 

5 000 

2 178 

14 250 

0 075 

0 250 

1 283 

8 372 

0 040 

5 000 

2 205 

14 150 

0 100 

0 230 

0 536 

7 901 

0 040 

5 000 

2 355 

14 260 

0 100 

0 250 

- 0251 

7 600 

0 040 

5 000 

2 657 

14 390 

0 100 

0 250 

0 889 

7 219 

0 020 

0 140 

0 895 

13410 

0 100 

0 250 

1 190 

7 219 

0 020 

0 140 

0 420 

13 110 

0 100 

0 250 

0 311 

7 800 

0 020 

0 140 

0 127 

1 2 880 

0 100 

0 250 

0 385 

7 686 

0 020 

0 140 

0 688 

II 190 

0 100 

0 250 

0 726 

7 393 

0 020 

0 140 

0 281 

12 283 

0 100 

0 250 

0 533 

7 938 

0 020 

0 140 

0 001 

12 555 

0 100 

0 250 

- 0 033 

7 800 

0 020 

0 140 

0 827 

11 228 

0 100 

0 250 

0 684 

7 600 

0 020 

0 140 

0 384 

II 917 

0 100 

0 250 

^ 0 358 

7 938 

0 020 

0 140 

0 890 

II 618 

0 too 

0 250 

0 100 

7 748 

0 020 

0 140 

1 026 

11 206 

0 100 

0 250 

0 499 

7 595 

0 020 

0 140 

0 688 

10 904 

0 100 

0 250 

0 764 

7 454 

0 020 

1 000 

2 220 

14 160 

0 100 

0 250 

0 486 

7 595 

0 020 

1 000 

1 691 

1 3 940 

0 100 

0 250 

0 843 

7 259 

0 020 

1 000 

1 550 

1 3 850 

0 100 

0 200 

0 137 

7 841 

0 020 

1 000 

1 454 

13 760 

0 100 

0 200 

0 072 

7 767 

0 020 

0 ^00 

1 548 

1 3 760 

0 100 

0 200 

0 575 

7 535 

0 020 

0 300 

1 137 

1 3 690 

0 100 

0 200 

0 836 

7 112 

0 020 

0 300 

0 974 

13 560 

0 100 

0 200 

0 859 

■; 344 

0 020 

0 300 

2 183 

14 162 

0 100 

0 200 

1 239 

6 981 





0 100 

0 250 

1 159 

7 327 





0 100 

0 250 

1 142 

7 362 





0 100 

0 250 

0 606 

7 546 





0 100 

0 250 

0 565 

7 867 





0 075 

0 250 

0 366 

7 911 





0 075 

0 250 

0 616 

7 967 





0 075 

0 250 

0 752 

8 024 





0 075 

0 250 

0 677 

8 082 





0 075 

0 250 

0 598 

7 962 




' 

0 075 

0 250 

0 675 

7 984 





0 075 

0 250 

0 941 

8 062 





0 100 

0 250 

0 838 

8 OM 





0 100 

0 250 

- 1 040 

8 115 





0 100 

0 250 

1 218 

8 172 
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Lasc in oukr to obtain v ,, and \|, ^ i is cvtiapolatcd to zero ligand concentra- 

tion to obtain llic function i" 

>0 s^ii s log 1 1 "1 (6) 

I' I 

1 loin a plot ol tills luiKtion \eisus log li the (I’ydrolysis constants may be calculated 



1 Ki 3 I Itanium - 1 ( \ log </ \s log /i li)i vaiious ligand concciUiations 

This proccduie has been applied to the cxpciimcntal data of Table I. in order to 
icduce the eiror in the calculation and to have a larger number of values, points have 
been taken from the ctiive dravvn through the expenmental values 

TiianiuDi (/D f lA swicni 

In big 3 the logarithm ot the disiiibution ratio is plotted versus log It tor various 
ligand concentiations ((1075 0 1 0 15 0 2 M), from the slope, according to (4a), 


Tahi I 2 


Ion 1/ 

pit 

(Cl OOTS) 

pll 

(C , 0 tOOl (C , 

pll 

1 0 1501 

pH 

(Ca 0 2 00) 


) 0 


log h 

0 70 

1 159 

0 914 

0 761 

0 650 

0 502 

2 85 

0 05 

2 9 

0 12 

1 259 

1 114 

0 961 

0 850 

- 0 522 

2 58 

0 06 

2 8 

0 44 

t 459 

I 314 

1 163 

1 050 

0 562 

2 31 

0 05 

-2 7 

0 71 

I ^*>9 

1 414 

1 261 

1 150 

0 610 

2 02 

0 05 

^ 2 6 

0 90 

I 659 

1 534 

1 163 

1 250 

0 702 

1 79 

0 07 

- 2 5 

1 07 

1 759 

1 614 

1 461 

t 150 

0 812 

1 54 

0 06 

2 4 

I IS 

1 859 

1 714 

I 561 

1 450 

— I 022 

1 38 t 

0 06 

-2 3 

I 26 

1 959 

1 S14 

1 663 

1 550 

1 247 

H 21 1 

0 05 

-22 

1 29 

2 059 

t 934 

1 761 

1 650 

I 512 

1 02 ! 

0 06 

- 2 1 

t 32 

2 159 

2 034 

1 861 

1 750 

-- 1 782 

0 8t i 

0 14 

-2 0 

1 13 

2 259 

2 134 

1 961 

1 850 

- 2 072 
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the valued- is obtained as 3 By interpolation a senes of values of log ^/log 
at constant hydrogen ion concentration is obtained the slope of these lines yields 
N 3 We have therefore ^ 0 and since IS the charge on the metal ion, its 

torniula, neglecting hydration, should beTiOH"’' The values of v (Table 2) calculated 
from equation (5a) are plotted vs (log h)^. ^ in Tig 4 the graph shows that for 
h 0 1 i’ IS constant ( 0 5) and independent of log /;, but at lower acidity separate 

lines are obtained for didercnt concentrations of ligand because of the formation of 



complexes m the aqueous phase By interpolation values of i C are obtained at 
constant hydrogen ion concentration, through these points smooth curxes xxere 
drawn to obtain by extrapolation values corresponding to C’ , ^0 (Fig 5) Some 
ililhculty has been experienced m obtaining this value, values of i;, m Table 2 rep- 
Ksent the avciage between the two extreme values (dotted lines obtained by extra- 
polation) F'lom the plot of lo versus log h it is possible to calculate the unkowns in 
ecpijtion (6), viz 

Vo- logA„,A„j log(l Vv„/i") (7) 

I' u 

I his can be done graphically as suggested by Siliin''**, by superimposing on the 
points of the graph of )■(, versus log h (a-Fig 6) a family of theoietical cuives of the 
tvpe V( Y)t The best lit was obtained with a curve employing three constants and 
w“Umg t 2 The normalized variables X and F arc given by 

y V,, Ao,Ao 3---- log(l I ^>0 ’' I 10 '' 10 ") 

■X log ll \ log Y, 

SiiLrN, 4cla Cheni Scaiiil 10, 186 (1956) 



A L liBFRTi V Cjuanth I A and F" Corigliano 



b\(, 5 ritanium TTA C'alcuLuion ot jo * l“qLi^dion 7) 



log h 

hiG 6 — Graphicdeterminationof thcconslants Values (vcrtitdl lines) versus log h 
curve /F titanium -TTA, curve titanium-oxinc The full curve is calculated for / ^2 
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where 

t JTi.Ya ■ — 2 

and (8) 

10 - xji ^ 

The equation with the normalized variables is equivalent to equation (7) The 
lollowing values have been obtained 

log x, -= 1 809 log-'a 4 22 log ar, — -6 33 

0-45 I 0 05 

rilaniiini-8 hydro wquinoline 

[he experimental data (Table 1) have been treated similarly, allowina for the 
dilkrent nature of the ligand, whieh behaves as a dibasic acid The ligand concen- 
Iralion may be calculated from the equation 

[A ] A'.AV/ ’(H.A ] 

ulieie A, and K, arc the loni/ation constants of H^A ’ , for high values of /i, [HjA*] 
IS approximately equal to the total ligand concentration A The limiting slope of the 
plot o( log (j versus (log //),. ^ is 

lim (3 logr//d log //,.| ) B — 2N 

h * f-i 

and hence is equal to ~ 4, and that of the plot of logr/ versus (log , ),, according to 
equation (4b) is equal to 2 Consequently B 0 and A 2, so that the extracted 
species, Ignoring hydration, should be Ti(OH)>A 2 This complex is therefore formed 
from Ti(OH),- ' , which seems to piefcrentially bind oxine For this system v (equation 5) 
IS given by 

V = log (/ 2 kvg A ! 4 log h 

logA„,A'„., logd ' v„/|-^- ' 1 N A„„/i'-^’'/l-‘ 

b tl 1 


1 ABI L 1 



<■ ^ 

0 04 

c , 

0 02 

( 1 

" '/ 

pll 

i 

pll 


pll 


0 030 

3 009 

0 180 

3 007 

0 331 

) (iX7 

0 2X0 

3 01 1 

0 430 

3 009 

0 581 

1 (i'll) 

0 S3() 

3 020 

0 680 

3 018 

0 831 

S KKi 

0 680 

3 030 

0 830 

3 028 

0 980 

: M7 

0 K8() 

- 3 061 

1 030 

3 059 

! IKI 

1 7X4 

1 030 

3 1 10 

1 180 

3 106 

I 331 

I 7(4) 

1 179 

3 188 

1 330 

3 188 

I 481 

0 hSl 

1 3X0 

3 379 

1 5 30 

3 375 

1 681 

0 :s') 

1 S30 

3 585 

1 680 

3 581 

1 83| 

n (i7‘) 

1 680 

3 847 

1 830 

3 843 

1 981 

0 44 X 

1 880 

4 278 

2 030 

4 274 

2 I8I 

1) (>hl 

2 030 

4 665 

2 180 

4 661 

2 331 

<1 810 

2 296 

5 560 

2 443 

5 544 

2 558 

1 ooo 

2 758 

-7 238 

2 858 

7 034 

3 000 

I 044 

3 378 

9 674 

3 378 

9 070 

3 479 

1 047 

4 000 

12 157 

4 000 

1 1 53 

4 000 


iOl 

C 1 

0 005 




i 

pll 

\ 

'o 


pH 

3 007 

0 481 

3 007 

5 67 

0 03 

3 0 

3 009 

0 748 

3 009 

5 40 

0 04 

2 9 

3 018 

0 98 1 

3 018 

5 12 

- 0 05 

2 8 

3 028 

1 131 

3 028 

4 85 ' 

0 05 

2 7 

3 0S9 

I 331 

3 059 

4 60 

0 04 

2 6 

3 106 

1 481 

3 106 

4 35 

0 05 

2 5 

3 188 

I 631 

3 188 

4 15 

0 05 

2 4 

3 375 

1 831 

3 375 

3 92 ‘ 

0 06 

2 3 

3 581 

I 981 

3 581 

3 76 

0 05 

2 2 

3 843 

2 131 

3 843 

3 59 

0 04 

2 1 

4 274 

2 331 

4 274 

3 47 

0 04 

2 0 

4 661 

2 461 

4 581 

3 3 5 i 

0 03 

1 9 

5 402 

2 685 

5 308 

3 26 . 

0 03 

1 8 

7000 

3 059 

6 634 

3 19 

0 03 

1 7 

8 872 

3 481 

8 278 

3 12 

0 03 

1 6 

10 959 

4 000 

10 349 

3 08 ' 

0 03 

1 5 




3 06 ' 

0 02 

1 4 




3 04 


I 3 
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As in tlic prcLoding case the xalucs of i in Table 3 have been plotted versus C i at 
eonst.int hvclionen ion eoiKcntration, and by extiapolation to C , 0, values of j,, 

(Table t) have been graphically obtained Points corresponding to vs log h arc 
plotted (b -1 ig 6 ) and a family ot theoietical cuiscs JfT), has been superimposed as 
in ecjiiation (H), the best fit is again obtained using three constants and setting f = 2 
f he lolloumg values have been obtained 

log 1794 log 4 19 logv, 6 2K5 logA„,A'„, 2 90 

I he values of i aic m good agieemcnt with tliosc obtained for the titanium TTA 
system 4 he constants lel.itue to hydrolysis ecjuilibria of titaniumf IV) obtained by 
the two methods are expressed as aveiage values in Table 4 A more refined treatment 
was cairied out based on equation (5b), when the following function is obtained 

/ \nvA„, 10 " Mix,//'' x,/i - : xji *1 X (9) 

li n L 


I vui I 4 



|li(Oll).-'||H'] 

|li(OII),')|ll']^ 

(iKOIOdllF]' 

System 

1 hOII' j 

fliOII’ 1 

(liOII' ] 


log '1 

log X,! 

‘x’S ' 1 

li(l\) 011 1 lA 

1 SW 

4 22 

t) t30 

1 1( l\0 01 1 OXIIlc 

1 794 

4 19 

2S5 

A\C/,I"C x,ilucs 

1 SO 

4 20 

ft 31 


By plotting log J veisus log 4h ' fxir the titanium TTA system a stiaight line is 
obtained of slope 3 0 (he mteiccpt for log d/i ' IMTig 7/?) yields log A„ 3 186 

and therefore \,| j 1 41 0 05 By leplacing the loimer value log An^ 6 38 
and D 40 m equation (3a) a moic accurate value for the formation constant of the 
titanium) IV) 1 FA complex is obtained 

logv„, 22 12 


For the titanium oxmc system the points of the log J vs log Ah ’ he on two straight 
lines, one in the lange 0 50 M log Ah “ 2 5 M, has a slope equal to I and the 

other, in the range log Ah - 2 5 M has a slope equal to 2 By extrapolation of 

these two lines to log Ah “ 0 we obtain for the former range log K^■,^ 1 13 

and for the latter log A'o^ 3 95, log A,,, is therefore equal to 1 05 By using 
these values a more accurate value for the stepwise constants can be calculated from 
the equation 


By substituting 


x„„ 

log v„ 1 = 1 3 53 log Xq 2 ^ 25 37 


These calculations show that hydrolytic equilibria have a minor effect upon the 
formation constants of these complexes 
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log Ah ' 

0 05 10 



Kk. 7 -Logy (equation y) versus \ogAh ^ (A titanium -oxine) and versus log l/i ‘ 

(B titanium- TTA) 


the solubility product oj titanium hydroxide 

A rough estimate of the solubility product of titanium (IV) hydroxide has been 
made by Latimer,*”’ who calculated from free energy values 

TiO(OH), - TiO"’^ I 20H . K ^ lO-^” 


Wii SON and Wilson*'*” reported for the same reaction K ^ 6 3 \ 10 In order 
to measure the solubility product of titanium hydroxide, acid solutions of titanium 
(IV) perchlorate have been added to sodium carbonate the pH range was 1-2 and 
I he titanium (IV) concentration about 10 M The solutions were left for about 


W M Iaiimi-r, 0\utation Poleiiliah, Prenticc-Hall, New Yoik ttV53) 
f I WiisoNandD W Wilwn, Comprehensive Anafy neat C fteiiii\ri\, Vol 
Tun (1961) 
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20 davs in ordci to attain equilibrium The hydrogen ion concentration was measured 
and the dissolved titanium determined spectrophotometrically after extraction 
vsith h\droxyc|uinoline The following arc typical results 


'( Vlllll) 

T 'i< iiuiii 

pll 

log 1 1 

log 1 1 


t 602 

4 776 

1 S56 

t 602 

4 SI7 

2 192 

4 av 

S 097 

2 401 


At lovser pU values no precipitate was foimed By expressing the equilibrium tita- 
nium (IV) concentiation as Ti(()n)^ since no experimental evidence for Ti‘’+ was 
found the solubilily pioduct is given by 

[Ti(()H),]<' ■> ' [OH ]" where Y 4 - ii (10) 

1 or two pairs of expci imcnlal values we have 

/)A, pT\^ ' and /)A\ /jTi^ npOH, 

By using />A„ 13 77 and solving 

II 3 4-1 

Substituting in (10) wc have therefore, averaging Ihe lesults, 

[TiOH* IlOH ]» -I0»*i 

According to the results of this study, this expression should be considered the more 
coned formulation for the solubility product of titanium hydroxide 

DISCUSSfON 

The use of partition data tor titanium between aqueous solutions and organic 
solvents containing vaiious ligands to calculate the hydrolysis equilibria of titanium 
(IV) shows that the experimental data can be explained by means of three constants 
It can be assumed with a high degree of probability thatTd^ docs not exist m solu- 
tion and that TiOH‘‘ is the less hydrolysed species present at moderate liigh acidity 
This assumption is supported by theoretical and experimental considerations On 
account of its electronic structure, and by comparison with other ions of Group IVA 
the possibility of the existence of an elementary ion Me''^^ decreases from hafnium to 
titanium with decreasing ionic radius The ionic radius of Ti‘^+ is very small (0 68 A) 
and this ion may acquiie an appreciable fraction of the electron density of an oxygen 
donor by forming a strong covalent bond Ion exchange studies have shown*'*’ that 
at a pH lower than I and in the presence of perchlorate, titanium forms complexes as 
a consequence any experimental measuiement of the hrst hydrolysis step is prevented 
and the existence in solution of Td* is ruled out 

The equilibrium constants for titanium (IV) hydrolysis arc collected in Table 5 
and the distribution of various hydrolytic species as a function of hydrogen ion 
concentration is presented m Fig 8 These constants refer to mononuclear hydroly- 
sis, since in the concentration range investigated no polynuclear complexes could 

A I iBFRTi and M Vicfdomini, In press 
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be detected the conclusions of this research are therefore restricted to very dilute 
solutions (' 10““* M), and to pH 1-3 The addition of any ligand to a titanium (IV) 
solution causes the formation of a complex in which the number of hydroxyl ions 
depends on the hydrogen ion concentration of the solution and on the specific nature 
of the ligand The existence m aqueous solution of complexes containing unhydro- 
Ivscd titanium ion seems unlikely The difhculty of obtaining accurate distribution 
nioasuicments and the introduction of unknown parameters associated with the 
exliacting reagent render the partition method not the most suitable for a quantitative 
iinesligation of the hydrolysis of metal ions The accuracy of the numerical values 
IS also decreased by the numerous extrapolations involved in the calculation In 
spile of these limitations the good agreement between the results obtained from 
i-xpcrimcntal distribution data for two different ligands indicate confidence in the 
icpntted values 
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COUNTERCURRENT EXTRACTION OF THE 
RARE-EARTH ACETYLACETONATES* 

W B Brown,! G W Pope,! J F Steinbach and W F Waoner 

Department of Chemistry, University of Kentucky, Lexington, Kentucky 
(Received 5 July 1962) 


Abstract — The countercurrent distribution beh.tviour of the rare-earth acetylacetonatcs in different 
solvent systems has been studied Solubilities of the chelates m various solvents were determined 
in order to obtain data on the partition coefticicnls The hydrated rare-earth acetylacetonatcs 
h;(droIy/e upon dissolving in benzene Excess acctylacctonc prevents hydrolysis and lowers the 
solubility of the chelates m the organic phase A four-component system using acetylacctone, 
chloroform, methanol and water was developed The acetylacctone in the chloroform phase sup- 
picsseU hydrolysis and the methanol in the aqueous phase increased the solubilities of the chelates 
by a factor of ten over the solubilities m the water-acetylacelone system 

Till theory of the extraction of metal chelates has been developed by KoLTHOi-r and 
Sam)iil,<” Irving and Williams,*-^’ and more recently by Rydberg*^' xvho has 
derived equations relating the distribution cocfticicnt to the formation constants of 
the chelate, pH, partition coefficients of the chelate and reagent, and dissociation 
constant of the reagent Rydberg postulated complexes of the general form 
M„,R„(OH),,(HR)r(Org),(H^O), The exact composition of the complex could be 
determined only in special cases, but the concept of the general composite extractable 
species may serve as a useful guide in further studies Owing to the many discrep- 
ancies m the literature describing the properties of the rare-earth acetylacetonates, 
It v\as necessary to examine more thoroughly the characteristics of the compounds, a 
study which has been reported m a previous article Because of the tendency of 
the rare-earth acetylacetonates to hydrolyse, polymeri/e, and form solvates with 
water and some organic solvents, a study of their extraction might be illustrative of 
the behaviour of the Rydberg-lype complex 

If countercurrent extraction is earned out at a sufliciently high pH for the com- 
plete formation of the chelate, a knowledge of the partition coefficient of the chelate 
Is ol paramount importance A reasonably good estimate of the partition coefficient 
win be obtained from the solubility of the chelate in each of the two phases This 
paper reports a study of the solubilities of the rare-earth acetylacetonates m several 
advents, and the countercurrent extraction of some of the rare-earths m systems 
developed from the solubility and extraction data 

* I rom dissertations submitted by W B Brown and Ci W Poi'l to the Graduate School of the 
I iiiversity of Kentucky in partial lulfillmenl of the requirements for the degree of Doctor of Philos- 
Thy and presented in part before the Analytical Division of the 138th National Meeting of the 
3niciican Chemical Society at New York. City September, I960 
' Present address Monsanto Chemical Co , Miamisburg, Ohio 
I Present address International Business Machines, Lexington, Ky 

I M Kolthou- and t B Sanoell, / Amer Client Soc 63, 1906(1941) 

II M I R VINO and R J F Williams, 7 Chem Sot 1841 (1949) 

I Ryduero, Arkw Keini 8, 101 (1955) 

G W PoRi.J F SiLiNBACH and W F Wai.nlr, J liwri^’ NncI Cliim 20. 104 1 1961) 
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1 XPFRlMf NTAL 

/\iu‘;i‘nts Raic-cirth oxides 90 0 per tent purily, were obtained Irom Michigan Chcrnical 
( ompany and 1 indsa-y Chemical Ctmipany Acetylaeetonc obtained commercially was extracted 
once vsith 10 pet cent ammoma, \s isheil twice with watet and distilled through a 40 tm column 
picked with glass helices The liaction boiling between 138 and 139 5 at 740mm v\as used All 
othei leigents met Ameiteati Chemical Society speeiheations or weic of the highest grade avatlable 
eommeie 1,1 llv 

!’u /’HI iitHtit I)/ < lu lul( \ I he methoil ol Siiiisi/u/' ' was used The tnhydiated, monohydnitcd, 
iiul monobasic rarc-e.irth aeet\ I lecton ites weie piepaied ,ts described in the previous article'” 
tpfnii III ns \ Beckman Model [)K-3 recording spectiophotometer was used for all spectrophoto- 
metne me.isurernents 

\ Heekm.in Moilel Ci pi I metci w.is employed loi all pi I measuiements and potentiomctrie 
me isuienieiits \ J-t\ pe meietii) eleetiode seised is the indie. itoi electrode m the potentiomett le 
I itiations 

\ C'raig eounleietinent tppaiatus eonststing ol thirty tubes was used for all countercurrent 
esti let ions 

\ Noieleo X-i.iy Oilhaetomctei w ts iiseil lor ill X-ray dilhaetion povsder palteins 

■Xn Applied Rese.iieh I .iboratoiies I 3 mclie gi.iling speeltogiaph. Model 6200, was used for 
the .tn.ilysis ol s.imples horn some ol the distiibution studies 

Sdliihilil) stiulus A well-stiiieel water bith, maintained .it 30 10 1, was used for all deter- 

mm itiiins S.imples ol the chelate and solvent weie placed in 25 ml or ^0 ml veilumetric flasks 
Sevei.il gl iss beaels weie uided to the II isk to meieise the .igil ition F.teh chelate solvent sample 
wets prepired in duphe.ite One llask ol each pan was heated to 40-45 in a vvatei-bath and then 
placed n the thermostatted b.itli The other llask ol the pan was placed diieetly into the constant- 
tempei iture balh without heating I he ll.isks in the bath weie shaken evecasionally duiing a thicc to 
live day pei lod, allci which s.imples vvcie t ikeii lor analysis Samples ol 5 ml were taken Irom the 
25 ml llasks and 10 ml from the 50 ml llasks .ind pipetleei into pievionslj igmlctl and weighed 
eiueibles A lew chops ol dilute nitric acid were added and Ihe solution was evaporated on a warm 
hot plate imder hc.tt I imps to prevent bumping When Ihe solvent had evapoiated, the crucibles 
were pl.iecd in a miillle lurn lee md heated te>‘>00 for I hr eenilcd and placed in adesiccatoreontaining 
i desiec.int and an absorbent lor eaibon dioxide The crucibles were weighed, and tchcated to 
const. mt weight From the wetght til the rare-earth oxide, the solubility was ealctil.ilcd Cheek 
an.tlyses on some samples were made by titration with FDl A using PAN indie.itoi and a standard 
/me solution as a baek-titiant Aftei two or tinec additional d.iys tn the eonslant-lemperaturc 
bath another s.imple was taken and .tn.ilysed toeonfiim th.it equilibrium had been attained 

( oiniU'u III K’lil scpiiuilKins Several dilleient solvent systems weie used in the countcteiiiicnt 
e*traeiions ol which some contained .i btiUcrcd aqueous phase In each ease, the organic and 

I MU F 1 - Ol’l RA I IMi r ONDI I IONS I OR SlU < I ROCiR Al'HIC AN At VSIS 


Fxcitation 


Fleet rodes 
Analytical gap 
Slit w idth 
Sht Idler 
bxposure 
Region 
Film 

Calibration of Film 
Film Processing 

Densitometry 


D C Spaik, 250 V at 3 2 As Irom Applied Research 
L.iboralories 

Model 5700 Multisource Unit 
Inteiruptcd discharge 
Continuous initiation 
Resistance 25 i> 

Cap.tcitancc — 60 nncreifaiad 
Inductance — none (130 millihenry residual) 

1 [■ in by i in copper electrodes 

2 mm 
20/1 
None 

20 see, no presparking 
3300 to 4600 A in second order 
Kodak Spectrum Analysis No 1 
Two-step filter method 

Developed for 2i min at 21 C in Eastman Kodak D-19, 
hxed for 5 mm, washed for 15 min 
Applied Research Laborafories Comparator- 
Densitometer 


J G Situs, C N MrCARtvandL L QiiiiL.y Am Cheni Soc 70,3142 (1948) 
K 1 Cheng, Chemist Analyst, Al, 94 (1958) 
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ai|ucous phases were prepared and allowed to come to equilibrium with each other before being 
placed in the apparatus The solution of the chelates was placed in lube number zero in the Craig 
extraction apparatus 1 en ml of the lower phase was added to each of the other tubes of the apparatus 
During the extraction process, the phases were equilibrated for 5 min, allowed to separate for 1 min, 
and the upper phase then transferred Alter thirty transfers, the tubes were emptied into 30 ml 
bottles and the phases were sampled and analysed by one or more of the analytical methods described 
in the next paragraph Curves, showing the amount of each rare-earth present in the individual 
tubes, were prepared from the results of the analyses 

Aiuilylical procedures Spectrophotometric determinations were made for erbium at 377 m/i, 
holmium at 450 m/i and neodymium at 580 m/i The residue obtained by evaporating the solutions 
Irom each tube of the Craig apparatus was dissolved in 3 ml of a 10 percent solution ofacctylacctone 
in methanol This solution was placed in a I cm square Corex tell and scanned over the range of 
600 to 360 m// The concentration of each rare earth was obtained from the corresponding iker’s 
Law plot 

Spectrographic analyses were made by dissolving the residue from each extraction tube in 5 ml 
ot dilute hydiochloric acid, and evaporating 0 02 ml of this solution on a } m copper electrode 
I he spcctiograpliic analysis was then made using the conditions listed in fable I The transmittance 
of the chosen line was read fioni the film and converted to relative intensity from a calibration chart. 
1 he wavelengths of the lines used for each element arc given in Table 2 In some cases senii-quantita- 
ii\i. data were used by plotting the densities of the analysis lines against the tube numbers 

TABt i 2 Wavh iNoiHs of i imfs sfi rnto 

FOR SPFClROCiRAPHir ANAISSIS 


L lement 

Wavelength (A) 

Dyspiosium 

3ST1 7 

4000 5 

f rbium 

3906 3 

Ciadolinium 

3422 4 

Holmium 

3748 2 

Neodymium 

3951 1 

Sainai aim 

4424 3 

T erbium 

3509 2 

Ytterbium 

3988 0 

Yttrium 

37‘’4 3 


RfSULTS AND DlSCUSblON 

The solubility of nine rare-earth acetylacetonates in various organic solvents at 
30 C Is shown in Table 3 All the solvents except as noted in the table were saturated 


Tablf 3 — Soi UBii INIS OF rnr rarl FVRrn ai i fm m ffonmis vi 30 C 
( in mmoles per hire) 


Solvent 

Pr 

Nd 

Sill 

(id 

Dy 

Ho 

Li 

Yb 

V 

Walvi, bulTcied at pH 6 0 

2 4 

24 

2 5 

2 7 

3 2 

3 3 

5 4 

3 2 

5 1 

Water plus 2 mole HAcac 

4 1 

4 2 

4 5 

50 

fs 4 

7 4 

8 3 

16 

7 1 

Hvii/ciic, anhydious 

12 

14 

22 

32 

65 

98 

128 

225 

91 

ncn/cnc 

7 5 

10 

12 

14 

40 

55 

75 

220 

40 

hen/cnt-HAcMC, 0 8 02 mf 

06 

05 

0 5 

08 

1 9 

3 9 

8 0 

40 

3 5 

Bcn/enc-HAcac, 0 5 0 5 mt 

0 9 

07 

1 3 

1 1 

5 2 

8 7 

19 

70 

9 6 

h n/enc-HAcac, 0 2 0 8 m t 

1 5 

1 4 

1 6 

3 4 

46 

7 V 

16 

90 

9 4 

3vvl)lacclone 

3 2 

30 

3 4 

3 1 

74 

1 1 

22 

in 

12 

< >11 bon tetrachloride 

3 2 

3 5 

6 6 

7 s 

1 n 

26 

37 

112 

19 

i'-Hcx mol 

2 8 

2 9 

5 8 

8 2 

19 

27 

30 

65 

15 

n-Hesanol, sat'd with HAcac 

1 1 

1 2 

1 6 

1 6 

4 1 

5 3 

10 

38 

60 

'3niline-Bcnzcne, 0 1 0 9 m f 

3 5 

5 5 

7 2 

9 8 

20 

32 

44 

130 

24 

< hlorolorm 


39 


88* 


215 

257* 


210 

hen/tne anhydrous plus 4 

■ 









diops of HAcac 

6 6 

72 

14 

17 

50 

58 

85 

155 

56 


* Probably not saturated 
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with water since they would be used in a countercurrent extraction system with water 
The solubility increases with atomic number The data seem to indicate that the 
separation factors would be greater using chloroform and that this solvent might be 
the best for countcrcuircnt extraction However, precipitation occurred whenever 
a few drops of eitlier water or acctylacctonc wcie added to a saturated solution of 
tlic clielate in chloroform or benzene The precipitate was identified by chemical 
analyse'! and X-iay pow'der patterns as the monohydrated form of the chelate Hence, 



o » (0 ( e 

fractiom oce tyloc etonc in tenzene 

I lo I ---Solubility of cibium acetylacctonutc in bcn/cnc-atctylacclonc at 30 C 

the species in solution cannot be the monohydrated form A logical explanation 
might be that the hydrated chelate, upon dissohing m the organic solvent, hydrolyzes 
to give the monobasic chelate 

[.n(Cai70,),H,0<-OnOH(Cai70,), I C,HrO, 

To test this hypothesis, a benzene solution of erbium acetylacctonate was extracted 
SIX times with water, and a positive test for acctylacetonc in the extract was obtained 
when an iron(lll) solution was added to give the chaiacteristic deep red color of the 
iron(IIl) chelate When the remaining benzene solution was evaporated without 
heating, the residue was found by chemical analysis and X-ray powder patterns to 
be the monobasic acetylacctonate Addition of acetylacetone to this residue converted 
it to the monohydrated compound 

When solutions of both the monohydrated and trihydrated chelates of the rare- 
earths were distilled, an azeotropic mixture of acetylacetone and benzene was ob- 
tained in the distillate 1 he remaining solution in the flask yielded the monobasic 
chelate, the addition of acetylacetone to a portion of the solution in the still pot 
precipitated the monohydrated chelate When benzene solutions of anhydrous alumi- 
num, or ]ron(lII) acctylacetonates were distilled, no acetylacetone was obtained in 
the distillate 

Apparently then, the rare-earth acctylacetonates undergo hydrolysis readily m 
most solvents and the hydrolysed form is more soluble than the hydrated chelates 
If excess chelating agent is added to the solution to repress hydrolysis the solubility 
decreases markedly Figure 1 shows the solubility of erbium acetylacctonate m 
benzene- acetylacetone solvent systems A minimum m solubility occurs when the 
mole ratio of acetylacetone to chelate is approximately 3 to 1 This appears to be 
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Fic. 2 'Solubility of erbium acctylacctonate in chloroform-acetylacetone at 30 C 

the concentration of acetylacetone required to suppress the hydrolysis of the chelate 
to the monobasic form (which is much more soluble in benzene) Figure 2 shows the 
solubility of erbium acctylacetonatc in chloroform-acetylacetone solvent systems 
Again a rapid decrease in solubility was observed with the addition of acetylacetone 
up to 0 I mole fraction Thus the high solubilities m benzene and chloroform are 
“pseudo” solubilities since they represent the solubility of the hydrolysed form rather 
than the solubility of the hydrated chelate 

Molecular weight determinations of the basic chelates gave high results ranging 
Irorn 760 to 2950, indicating that polymerization had occurred Table 4 summarizes 

Tahlc 4 — Mor icui ar weic.iir sTurn or samarium r hei a irs 


Sample 

Solvent 

Treatment 

Weight ol 
chelate 
<g> 

Weight ol 
solvent 
(g) 

Apparent 
mol wt 

Mo no hydrate 

QH« 

Not heated 

0 1045 

19 33 

311 

Monohydrale 

C,H„ 

Boiled 3 min 

0 0946 

19 63 

474 

Trihydrate 

C.H, 

Not heated 

0 0913 

18 74 

198 

1 rihydrilc 

C„tf„ 

Boiled 3 nun 

0 1036 

16 18 

576 


i heortlical molecular weight of SmtC^FIjO:)^ HjO 466 

I he data obtained for molecular weights of the monohydrated and trihydrated forms 
ol samarium acctylacetonates dissolved in benzene w'lth and without boiling the 
solutions When each of the hydrates is dissolved without heating, low apparent 
molecular weights are obtained The monohydrate hydrolyzes upon dissolving to 
iclease acetylacetone to give the lower freezing point and the trihydrate releases 
both water of hydration and acetylacetone from the hydrolysis to give an even lower 
apparent molecular weight When solutions of the chelate arc boiled, the released 
acetylacetone and water are distilled from the solution and the basic chelates are 
luiiher polymerized to yield high apparent molecular weights The trihydrate 
polyinen/es more rapidly than the monohydrate in boiling benzene 

When hydrolysis occurs, countercurrent extractions usually are not reproducible, 
hence It IS necessary to have present in the organic phase an excess of the reagent 
'alhc'ient to prevent hydrolysis However, this reduces the solubility of the chelate 
m the organic phase as shown in Figs 1 and 2 
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I^rior to cariying out countercurrent runs, the distribution coefficients of the 
rare-earth acety lacctonates between acctylacctone as the organic phase and water 
were dcteiniined at a pH of 5 5 and at maximum extraction These values are 
shown in 'fable 5 1 lieic arc suiprisingly large dilTcrcnccs in both the distribution 

Loellicients and the solubilities of the chelates which may be caused by the differences 
in the solubilities of the hydiates The hydrates of the lower atomic number rare- 
eaiths may be more stable because the larger central ions may be better able to 
accomodate the water molecules 

I MILL S DisIRIBUIION COLUlf ILNIS OF IHL 
K M<l -I Alt I n At I IV I At I IONA 1 1 S HI I W I FN 


Af 1 IV 1 A< 1 

AM) 

WA 1 FR 

( hcl lie 

t^lll IX 

/2, , 

V h 

7 0 

4 6 

1 r 

2 2 

1 9 

llo 

1 6 

1 1 

V 

1 2 

0 90 

ny 

1 |S 

0 89 

lb 

0 94 

0 87 

Od 

0 64 

0 61 

Sin 

0 47 

0 47 

Nd 

0 41 

0 41 


The position of the bands in a countercurrent extraction run in a Craig apparatus 
may be calculated fioin the equation 



in which Tiui is the fracticrn of the metal m tube / alter n transfers, and D is the 
distribution coclficient 

Figure 3 shows the theoretical curves for values of D equal to 0 5, 1 0, 2 0 and 4 5 
Figure 4 shows the results of a counteicurrent extraction using holinium, erbium, 
and ytterbium acetylacetonatcs in a water acctylacctone system bulTered at a pH of 
5 5 The organic phase was equilibrated with the aqueous phase containing the acetic 
acid -sodiuin acetate bulTer adjusted to a pH of 5 5 The three chelates were added 
in excess to 20 ml of the organic phase, heated to promote solution and allowed to 
cool The solution was filtered and 10 ml of the filtrate was used as the organic- 
phase in tube O After the transfers were completed, 5 ml of the organic phase of 
each tube was evapoiated to dryness, and treated with concentrated nitric acid and 
30 per cent hydrogen peroxide to remove the organic matter The residue was dis- 
solved in dilute hydrochloric acid, boiled to remove excess oxidizing agent, buffered 
to a pH of 9 5, and titrated with a standard solution of EDTA using a standard zinc 
solution for back-titration with PAN as the indicator The total rare-earth metal 
contents in each tube was thus determined Spcctrographic analysis of the residue 
from each tube determined the distribution of each clement in the tubes 

A second countercurrent extraction of the holmium, erbium, and ytterbium 
acetylacetonates in the same system at a pH of 5 5 is shown in Fig 5 This run was 
analysed spectrophotometrically 


W B Brown, J F Siiinbach and W F Wagner, / Inorg Nticl Client 13,119 (1960) 
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Tube number 

t i<] 3 —Theoretical distribution of four chelates w-ith different distribution coefficients 



1 B 1 ^ le - I - * 

number 


Ficj 4 — Countereurient separation ol holmium, erbium and ytterbium 
acelylacetonates in Watcr-aectylacetone system buffered at pH of 5 “i 



0 4 a . c lb 1 1 » 

Tube number 


Fill 5 - Countercurrent separation of holmiiim. erbium and yllcibium acelylacetonates 

in Wdter-acetylacctone system at pH of 5 5 Analysed speeirophotomctrieally 
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Figure 6 shows the curves obtained for the separation of dysprosium, yttrium 
and Icibium at a pH of ‘i 5 Analyses were made by use of EDTA titrations and 
the emission spectrograph 

f igure 7 shows the separation ol gadolinium, samarium and neodymium at a pH 
of 5 5 Neodymium and samarium are so slightly soluble that the amounts extracted 
were loo small to be titrated and were detectable only by the emission spectrograph 
Ytterbium should have its maximum concentration in tubes 23 to 24, experimen- 
tally it appears in tube 22 The maxima for erbium and holmium should appear m 
tubes 19 and 14 lespcctively however, these both appeared m lower tubes and gave 
more ditfiise curves than the sharper ytterbium curve This variance may be due to 
the elTect of the buffer or mixed solute However, the separability of the rare-earth 
acctylacetonatcs is in fair agreement with the behaviour predicted by the foregoing 
equation It is easy to separate the highest and lowest members of the rare earths 
by countercurrent extraction Neodymium and ytterbium can be separated com- 
pletely 111 less than eight transfers However, complete separation of the adjacent 
members in the ccntie of the senes such as yttrium, dysprosium and terbium can be 
accomplished only aftci moie than thirty transfers 

Because of the low solubility of the acetylacetonates in water and the decreased 
solubility 111 the organic solvents containing acetylacetone, countercurrent extractions 
are limited in .ipplication However, the addition ol a lew mole percent of methanol 
increases markedly the solubility of the acetylacetonates in both the aqueous and organic 
phases Figure 8 shows that the solubility of erbium acctylacctonate m water increases 
as methanol is added The heavier raie-carth chelates are very soluble in methyl 
alcohol Relatively large amounts of the chelates can be dissolved in chloroform, 
making this solvent desirable foi large scale separations By utilizing the solubility 
relationships discovered m this study it was possible to develop a chloroform -water 
system having the adv.mtages of high solubility of the chelates and control over the 
partition coefficients It is possible to repress the solvent power of the chloroform by 
adding acetylacetone which also suppresses hydrolysis The solvent power of the 
aqueous phase can be increased by the addition of methanol which leads to the 
formation of the more soluble methanol-solvated chelate Accordingly, a two phase 
system composed of the four components, acetylacetone, chloroform, methanol and 
water was devised having the advantage of high solubility for the chelates and adjust- 
ment of the distribution between the phases to a value of about unity Table 6 
lists the three systems used for the countercurrent extraction studies at different 
acidities The methanol distributes almost entirely m the aqueous phase whereas 
the acetylacetone is found predominantly in the chloroform phase 

Tahi f 6 Composition oi quaifrnary component solvent 

SYSTl M lOR COUNIERCURRENT EXTRACTIONS 


Composition (mole per cent) 


Component 

UnbulTered 

system 

BulTcred 
at pH 4 9 

BulTercd 
at pH 5 5 

Water 

75 0 

67 2 

67 1 

Chloroform 

170 

18 3 

18 2 

Acetylacetone 

2 7 

2 4 

2 5 

Methanol 

56 

12 1 

12 2 
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hiG 6 Countercut rent separation of dysprosium, yttrium and tcibium 
acetylacetonates m water acetylacelone system bulfcred at pH of 5 5 



1 ir. 7 Countercurrent separation of gadolinium, samarium and neod)mium 
acetylacetonates in water acetytacctonc system buttered at pH of 5 S 



Mole fraction melhonol m HiO 

Fio 8 — Solubility of erbium acctylacetonalc in water-methanol at 30 "C 
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4'!8 

I lie coLinlcreiirrcnt extraction of erbium, holinium, and dysprosium acetylaceto- 
nates using the unbufTcred system is shown in big 9 Ten ml of each phase weie 
satuialcd with the three chelates and added to tube O of the apparatus After thirty 
tiaiislcis the contents ol each tube weie analysed by the spectrophotoinetric and 
spectrogiaphie lechnic|ucs 



TubP nijfnbCr 

I i(i 4 CoiinteicLirienl separation of eibium, holminm, and dysprosium acclyl 
acetonates in an iinbufleiccl loiir-cc>mponent system 



0 4 b U lb ao ,8 

Tube number 


Fio 10 Ciiuntcicurrent separation of erbium, holmiiim dysprosium and neodymium 
acctylacctonatcs in a four-component system buffered at pH of 4 9 

Figure 10 shows the countercurrent extraction curves for the erbium, holmium, 
dysprosium and neodymiuna chelates in the system buffered at a pH of 4 9 using a 
sodium acetate-acetic acid buffer 

Figure 11 shows the extraction of the erbium, holmium, dysprosium, and neo- 
dymium chelates at a pH of 5 5 
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A comparison of Figs 9, 10 and 1 1 shows that buffering sharpens the separations 
There seems to be a slight improvement m separation at a pH of 5 5 compared to 
a pH of 4 9 While the separation was not greatly enhanced over that obtained in 



hi<. 1 1 — Countercurrent separation of erbium, holmium, dysprosium and neodymium 
acetylacetonates in a four-component system buffered at pH of 5 5 

the dcctylacetone-wdtcr system, over ten times the total quantity of chelates can be 
dissolved in the system by increasing the concentration of the methanol 

In summary, it may be said that the acctylacetonates of the rare-earths are amen- 
able to countercurrent extraction procedure Both hydrolysis and solvation of the 
clielates play an important role in the process and probably warrant further study 

ickiwHkd^emciit — The authors express their gratitude to ihe Alomic I nergy ( omnnssion lor support 
of this work on Contract No Ar(40-l)2124 
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THE EXTRACTION OF URANIUM(VI) FROM 
SULPHURIC ACID SOLUTIONS BY 
TRI-N-OCTY LAMINE 

Taichi Sato 

Government Chemical Industrial Research Institute, Honmachi, Shibuya-ku, 

Tokyo, Japan 

(Received 10 May 1962, in revised form 30 August 1962) 

klisfract — 1 he partition of uranium(VI) between sulphuric acid solutions and’solutions of tri-n- 
LKlylaminc (TOA) in benzene has been investigated at varying concentrations of sulphuric acid, 
solvent and uranium and at different temperatures The extraction of sulphuric acid and the water 
vonicnt of the organic phase have also been examined, and infra-red spectral studies made of the 
oiganic solutions The mechanism of uranium extraction is discussed on the basis of the results 
obtained 

Till mechanism of uranium(VI) extraction from sulphuric acitl solutions by tri-n- 
iloclccylaminc (TDA) has been discussed in a previous paper, the present study 
has been made to obtain information on the extraction by tri-n-octylaminc (TOA) 

EXPFRIMtNTAL 

lOA (the Kao Soap Co , Ltd ) was diluted with benzene The procedures for obtaining partition 
cotlhcients, the determination of acidity in the organic phase and the inira-red spectral measurement 
Were the same as those described previously Ihc water content of the organic phase was deter- 
mined by a Karl Fischer titration 

RESULTS AND DISCUSSION 

flic same variables were iincstigated as in the case of TDA,'** as the icsults 
obtained are similar to those for TDA, it is presumed that the mechanism of uranium 
cMiaction by TOA is the same as that foi TDA 

Pc/h’ihIcikc on solie/U and uranium (onceniiafions 

The extraction of uranyl sulphate solution (5g/l) containing sulphuric acid at 
\aiious concentrations with solutions of TOA in benzene at 20X’ gave the results 
''hown in Fig 1 These icsemblc the results obtained with TDA,*^> but the maximum 
m Ihe paitition coefficient appeals at about 0 1 M initial acidity As uranium(VI) is 
ivli.ictcd less efficiently by TOA, it is assumed that the efficiency of extraction by 
hitiaiy alkyl amines increases with the length of the attached alkyl chain 

The variation in the organic phase uranium concentration with the initial aqueous 
maniuni concentration in 0 1 M sulphuric acid (where the paitition coefficient is a 
inavimum) was examined with 0 1 M TOA in benzene, with the lesults shown in 
I ig 2 Similar isotherms were obtained for extraction from 0 05 and 0 3 M sulphuric 
avid solutions These results suggest that four amine molecules are associated with 
ivh uianium ion This is supported by the dependence of the partition coefficient on 

I Sato, / Inorg Miicl Chem In press 
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T Saio 


the solvent eonceiiliation derived freim F-ig I the slopes of plots of log E^" vs 
log (f'v ), in \v hieh E, ' is the paitition eoeffieient, the total amine eoneentra- 

iion and C\ the mganie uranium concentration, in 0 5, 10 and 2 0 M sulphuric acid 
arc 14, 13 and 1 0 lespcetively In addition, the values of C, vs in 0 01 and 
0 02 M sulphuric acid aie similar to those foi TDA 



Initial aqueous sulphuric acid concentration, M 

FiCf 1 — Htcct of solvent concentration upon the extraction of uranium(VI) from sul- 
phuric acid solutions of various concentrations by TOA in benzene (figures on curves 

arc TOA concentrations, M) 


Extraction of .sulphuric at id and water content of oiganic phase 

The acidity and water content of the organic phase was measured after the extrac- 
tion of uranyl sulphate solution (5 g/l ) containing sulphuric acid at various concen- 
trations with 0 1 M TOA in benzene at 20°C Similar experiments were made for 
the extraction of sulphuric acid solutions in the absence of uranium The results are 
given 111 Figs 3 and 4 In the extraction of sulphuric acid from 0 5 and 2 0 M solutions 
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with solutions of TOA m benzene, the slopes of log (H2SO4 distribution ratio) vs 
log (initial TOA concentration) were nearly unity, as in the case of TDA*" 

In the absence of uranium, by analogy with TDA, it is expected that the extraction 
may be represented by the equations H^SO/a) |- 2 R,N(o) (R(NH)2S04(o) at low 



1 i(j 2 -Variation of organic phase uranium concentration with the initial aqueous 
uranium concentration for the extraction of uranium(VI) from 0 1 M sulphuric acid 
solution by 0 1 M TOA m benzene 



FiCi 3 — Change m acidity of organic phase caused by the extract ion of uranium(Vl) wnh 
0 I M TOA in benzene (O m the absence of uranium, m the presence of uranium) 


■'ckliiics and (R3NH)2S04 (o) T H2S04(a) 2(R3NH)HS04 at high acidities, (a) and 

(<') denote aqueous and organic phases respectively, and R represents QH,. In the 
pii'scnce of uranium, below 0 1 M initial acid the acidity of the organic phase is 
l“"lK-r than that in the absence of uranium, but the situation is reversed above 0 1 M 
' implies that the mechanism of extraction at low acidities is dilfcrent from that 
'igh acidities From Fig. 4 it is inferred that the hydrated amine sulphate is 
'dually replaced by the unhydrated amine bisulphate as the acidity is further 





44i 


T Saio 


increased, and that the water content of the organic phase is diminished by the 
formation of the amine- iiranyl sulphate complex 

7 cnipet aiui c cfjci l 

The extiaction of uranyl sulphate solution (5 g/l ) containing 0 02 and 1 0 M 
sulpliuric acid with 0 1 M TOA in bcn/enc at tcmpeiaturcs bctw'ceii 10 and 50°C 
ga\e the lesults shown m 1 ig 5 



Imtio) oqueous sulphunc acid concentration, M 

Fio 4 — Change in w.atcr content ot organic phase caused by the extraction of urdniiim- 
(VI) wall 0 I M TOA in benzene (c) in the absence of uranium, /\ in the presence of 

uranium) 



1 I ^ 1 I ^ L_ 

10 20 30 40 50 

Temperature » **0 


Fk. 5 — Fffcct of temperature upon the extraction of uranium(VI) from sulphuric 
acid solution by 0 1 M TOA in benzene (A and o denote the sulphuric acid con- 
centrations of 0 02 and 1 0 M respectively) 


Infra-red spec tra 

The organic phases from the extraction with 0 1 M TOA m benzene of uranyl 
sulphate solutions (5 and 25 g/l ) containing sulphuric acid at various concentrations 
were examined by infra-red spectroscopy, similar measurements were made m the 
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absence of uranium The spectra for extractions in the presence of uranium are shown 
in Fig 6 The spectra obtained in both cases closely resemble those for TDA/'> 
with increasing acidity, in the absence of uranium, the sulphate ion frequencies*^' at 



Tk. 6 - Infra-red spectra of the organic solutions involved in the extractions of iiranyl 
sulphate solutions containing sulphuric acid ot various concentrations viilh 0 1 M 
TOA in benzene (figures on curves are sulphuric acid concentrations, M) 

(a) 5 g/l uranyl sulphate solution 

(b) 25 g/l uranyl sulphate solution 


1 140. 1090, 1025 and 960 cm become weaker, and the bisulphate ion frequencies*-’ 
'• 1240, 1150, 1055 and 850 cm ^ show a piogressive increase in intensity 

In the presence of uranium (Fig 6) the band at 945 cm ' is assigned to the asym- 
i'Ktric stretching frequency of the uranyl group,**" and the bands at 1235 1 120, 1095, 
and 905 cm ' to the vibiational frequencies of the sulphato group, indicating a 
’\^cr symmetry than that in the sulphate ion due to covalent bonding to the uranyl ion 

I A Mu LfR and C H Wilkins, /I Hu/yf Chem 24, 1253 (19521 G E Walrai i n and P M 
Poon, 7'ians Faraday Soc 57, 1286 (1961) 

I g, B M Gatehouse and A E Comvns, / Chent Soc 3965 (1958), G L Caidow, A B 
VvnCleavl and R L EAOtR, Canad J Chem ,38, 772 (1960) 
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Stouhciomcn \ of the aninic uianv/ sulphate (oniplex and the ntcchamsni 
(if uranium (\ti action 

(’hcmical analysis of tlic soKent phase from the extraction of UO2SO4 ( 50 g/l ) 
containing 0 05 M H^SO, w itit 0 I M TOA in benzene, which the data indicated to be 
piactically pnie complex, showed the composition of the latter to be lU 3SO4 
4 amine flic stoicheiometry of the amine uranyl sulphate complex was thus 

indicated to be (R,NH),lIO,(SO,),(OH2)„ le, [(R^NHl^SOJ^ U02S04(OH2), 

The following mechanism is suggested lor the extraction of uranium(Vl) from 
sulphuiic acid solutions by TOA at low aitdities 002804(3) 1 2 (Rj N 0)2804(0) :<i: 
(R,NH),UO,(SO,),(o), and at ht^h andities 00^804(3) i 4(R3NH)HS04(o) ^ 
(R, Nil), 002(80, )j(o) . 20280,(3) From the data shown m Fig 5 , the heat of 
leaclion (change in entlialpy) was calculated to be 2 06 kcal/mole in 0 02 M 0 ^ 80 , 
and 8 25 kcal/mole 111 1 0 M O2SO, These values are analogous to those for TDA 

Ac kiioHlcilt;( iiK iil\ Tile author wishes to thank Mr H Watanabc and Mr M Nishizaki, who 
sarricd out mush of ihs sxps'i imenlal woik He also thanks the K.ao Soap Co , Ltd for a gift of 
tn-n-ostv lamins 
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ION-EXCHANGE BEHAVIOUR OF THE TRANSURANIUM 
ELEMENTS IN LiNO* SOLUTIONS* 

S ADAR,t R R Sjohi OM, R F BA.R.NfcS and P R Fillds 
Argonne Ndtional Laboratory, Argonne, Illinois 

and 

E K Huipt and H D Wiison 
LawrenLC Radiation Laboratory, Livermore, California 

(Received 2 July 1962, tn levised Joint 6 September 1962) 

\bstratt — I he distribution coefficients (K^J<) of the trivalent actinide elements Pu. Am, Cm, and Cf 
bctviccn L1NO3 solutions (containing 0 005 M H^) and Doi^ex-l anion resin were measured A 
eolumn separation of Am and Cm using this system \sas investigated at 22 5 C and 87 C and the 
sepal at ion factor was found to be substantially higher than that obtained with the eomplexing agent 
ammonium a-hydroxyisobutyrate and cation exchange resin 

The separation of the transplutonium elements is becoming an incieasmgly 
important problem as the production of these elements is expanded For example, 
long lived isotopes of americium and curium in almost gramme quantities were 
produced by irradiating a plutonium fuel assembly in the Materials Testing Reactor 
for two years Processing of the assembly yielded approximately 600 mg of -^Cm 
and 1 3 g of ^'’Aiti A more recent programme has produced several hundred grammes 
of “^’Am and -‘•‘‘Cm but these materials have yet to be separated from the plutonium 
fuel and the accompanying fission products Re-irradiation of some of these ele- 
ments will eventually yield hundreds of milligrams of berkelium and californium 
lo meet the increasing demand for a better actinide element separation, a new ion 
exchange system was investigated and the results are reported in this article 

E.irlier work by Marcus" has shown that the rare earth elements can be sepa- 
lated from each other using Dowex-1 anion resin as an adsorbent and LiNO, solu- 
tions as an eluant A similar technique applied to the separation of the actinide 
elements is described in this paper Typical actinide elements such as plutonium, 
americium, curium and californium were studied Particular emphasis was placed 
»n the transplutonium elements americium and curium which are being produced in 
large quantities and are difficult to separate from each other 

Equilibrium experiments were performed at room temperature to measure the 
distiibution coefficients of the actinide elements between Do\\c\-I resin and L1NO3 
''oliitions of varying concentrations The resin used in these experiments was Bio- 
Rad (Dowex) AG 1-X8, 200-400 mesh The resin was graded rather crudely by 
hatch settling in distilled water to remove the very hne resin particles The resin was 
dun washed in a column with 2 M NH^OH, then washed successively with water, 
1 M HNO 3 , 15 M HNOj, and again with water Finally the resin was dried in an 

* Basctl on work performed under the auspices of the U S Atomic Energy Lommission 
\ Present address, Israel Atomic Energy Commission, Tel Aviv, Isr.iel 
'r Marc us and F Nelson, y Phy\ Chem 63, 77 (1959) 

Y Marcus and I Abrahamer, T Inort^ Nui! Chem 22, 141 (1961) 
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ovtn <il IK) C to constant weight The equilibrium experiments were usually agitated, 
at room tempciature foi a minimum of twohouis Tracer tests with Pu(IV) showed 
that ceiuilibrium was reached within 2 hours 
Reproducible distribution cocHicicnts, 

Concentration of solute/g of icsin 

^ ^ 

Concentration of soiiitc/ml of solution 

were obtainable only when considerable care was taken with the assaying of the very 
siscous salt solutions and when the amc^unt of salt on the linal assay plate was in- 
sulhcienl to c.uisc substantial absorption of the ;y-paiticles (less than 0 1 mg) At- 
tempts to precipitate the actinide elements as hydroxides from the LiNO, solutions 
using kriic ion as the cairier, followed by lemoval of the Fe(lU) ions by solvent 
extraction, usually led to highei A.,, s Other techniques, such as direct solvent ex- 
traction of the actinide elements from the LiNOj solutions, also had complications 
and gave higher A|,'s 

The tracers used for these iincstigations were carefu/ly purilled by ion exehange 
lechnic|ues and analysed ladiochemically for cither radioactive species 

Slock solutions of Pu(IV) were prepared by standard tcchnic|ues such as treatment 
with H/J,. or potentiomcti ic reduction of Pu(Vl) The absoiption spectrum of the 
stock solution to be used was analysed with a Cary Model 14 Spectrophotometer 
before tracer solutions of Pu(IV) were prepared 

Pu((II) was prepared by reducing Pu(lV) solutions with ferrous sulphamate An 
excess ol ferrous sulphamate as a holding rcductant was necessary to prevent the 
slow oxidation of Pu(III) to Pu(lV) To insure that only Pu(lll) was represented m 
the measurements, the initial and final LiNO, solutions from the equilibration ex- 
periments were exti acted with thcnoyltrifluoroacetonc which, under the proper 
conditions, extracts only Pu(lV) Since Pu(lll) will also extract from LiNOj 
(0 005 M H ) solution, the hydrergen ion concentration was adjusted to about 0 5 M 
before extraction 

The distribution coelficients of the trivaicnt actinide elements plutonium, ameri- 
cium, curium and californium are shown as a function of lithium nitrate (containing 
0 (X)5 M H ) concentration in Fig I The adsorption of Pu(IV) by the resin was 
approximately ten times that of Pu(lll) at 1 M LiNOj, the only concentration where 
the two valence states were compared It was found that the distribution coefficients 
decrease rapidly as the (H ] concentration of the LiNOj solutions increases above 
0 01 M A more detailed study of this effect with rare earth elements has been reported 
by Marc I S •' From Fig 1 it can readily be seen that the distribution coefficients 
increase with increasing LiNOj concentration, and at constant molarity the distri- 
bution coefficients decrease with increasing atomic number, a reversal of the order 
observed in LiCI solutions 

Comparing the A',, s reported here with the results of Marcus*^’^\ it is apparent 
that the LiNO, Dowex-1 system will not be as effective as LiCNDowex-1'^’ m 
separating the actinide elements from the rare earths due to the overlap in A'd’s of 
many of the elements m both senes However, it should be noted that the ratio 

t K Hulet, R G Gutmacuir and M S Cckips, 7 Inor^ Nut! Cheiii 17,350 (1961) 
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Distribution coefficients of trivalent actinides between LiNO, (0 005 M H+) 
solutions and Dowex 1-X8 icsin 


'i^i,tAni(lll)]}/[AC],[Cm(Ill)]} 2 found in this work w'ould predict a better separa- 
tion of these two elements than in the ammonium a-hydroxy isobutyrate-Dowex 
5i)0 <•) system used so widely in separating trivalent actinides 

Coluinn elutions were made with tracer solutions to investigate the separation of 
and Cm under dynamic conditions In order to elute these elements in a reason- 
ihlc (line the range of 4 -5 M LiNO^ as the eluant was chosen Hydraulically graded 
Dow^x-I resin with an 0 8 to I 5 cm/min settling late was selected as the adsorbent 
I he actinide elements were strongly adsoibed on the resin bed from 8 M LiNOj 
>'M)f VI and then eluted with the more dilute 42 M LiNO_, (pH 2 1) The 

H Choi'I’in, B O Harvcy and S G Thompson, / Inois; Niic/ Cliciii 2, 66 (1956) 

" 1 SwiiHandD C Hoiiman, / Inors' Niicl Chem 3, 243 (1956) 

J MiisnoandA B Bcadll, / Inott^ Nucl Clwin 3, 248 (19S6) 
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columns were operated at 87 ’C, principally to increase the rate of exchange aiv 
itaiiow the elution peaks f ig 2 shows a typical column run Smaller Am and Cr 
distribution coethcients were found from numerous column elutions at 87'’C tha 
those obtained m cc(uilibrjum studies at room temperature In addition, colum 
elutions at room temperatuic (Fig 3) indicated not only greater adsorption by th 



2 — Column separation of trace amounts of Am and Cm at 87 "C 4 2 M L1NO3 - 
OOt M H' and Dowex 1-X8 resm Resin settling rate 8-15 mm/mm Column size 
9 cm 6 mm flow rate 0 38 ml/cm’ sec and tube volume 0 433 ml/tube 

resin but also a larger separation factor, {A'j,[Am(IlI)]}/{A'|)[Cm(Ill)]}, (Table 1 
than could be obtained at elevated temperatures Further reduction in peak w'ldth' 
w-ould be of greater advantage in utilizing the superior separation found m roon 
temperature elutions 

A mixture containing 20 mg of -^Cni and 40 mg of ^'*Am was selected to test 
the usefulness of the LiNO, with macro amounts of americium and curium Thi 
mixture, containing a large amount of inert salts, resulted from the isolation by 1011 
exchange of 600 mg of curium and 1 2 of americium from an irradiated plutonium 
fuel assembly A feed solution made by dissolving the material in 6 ml of saturated 
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I iCr 3 Column separation of trace amounts of Am and Cm at 22 5’C 4 2 M L1NO3 
' 0 01 M and Dowex 1-X8 resin Resin grade 8-J 5 mm/min Column size 9 cm 
6 mm Flow rate 0 16 inl/cm- sec and tube volume 0 461 ml/tube 

LiNO, (pH 2 1) was transferred onto a I cm diameter by 1 1 cm long resin bed mam- 
laincd at 87^C After adsorption the actinides were eluted with 4 2 M LiNOj (pH 2 9) 
'Mlh the results shown in Fig 4 A good separation of americium from curium as 
'\ell as from the inert impurities was attained It was observed that the salts remained 
"H the top of the resin bed and were later eluted with 1 M HNOj, however, no a- 
■lUnity was found in this fraction Americium and curium were recovered from the 
I I NO, solutions by precipitation as the hydroxides with NH4OH 

The LiNO_,- Dowex-I system appears promising as a separation technique for 
'he transuranium elements For high concentrations of ameiicium and curium the 

Tablf I 


Temp 

(X) 

Aru[Am(Iinj 

A:„[Cm (lit)] 

a:„[Aiti (III)] 
A.,tc 111(111)1 

22 5 

102 

5 3 

1 9 

87 

6 1 

3 9 

1 6 
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Pic. 4 C oKiiim scpar.itiori of iiiilligrain amounts of Am and Cm at 87 C 42 M 
LlNO, 0 01 M and Dovsex 1-X8 resin Resin settling rate of 0 5-0 8 cni/min 
Column si/e I cm Item I low rate 4 ml/ 5 min and tube volume 2 ml/tube 

LiNOj-Dowe\-l system gave better separations than either the ammonium 7- 
hydroxy isobutyrate-eation column or the oxidation of americium by persulphate*'* 
or ozone ***’ In the latter cases, the oxidation of americium is difficult in the presence 
of HoOj generated by the intense alpha activity, whereas the LiNO, separation is 
not adversely influenced Generally, lon-exchange column operations, such as the 
one described, are well suited for remote control use m shielded facilities 

'"’I, B Aspri Y, S E SrLPHANOu and R A Pennfman, 7 Anier Chein Soc 73, 5715 (1951) 

"" R A Pennfman, J S Coleman and T K Kffnan, 7 //lorg Nticl Chein 17, 138 (1959) 
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HYDROLYTIC REACTIONS OF TETRASULPHUR 
TETRANITRIDE IN A HOMOGENEOUS MEDIUM 

C G R Nair and A R V Murthy 
D epartment of Inorganic and Physical Chemistry, 

Indian Institute of Science, Bangalore 12, India 

(Received 20 Jtdy 1962, in revised /oini 28 Aiiyiisl 1962) 

\bslracf —The hydrolytic reactions of tetrasulphur tetranitndeare studied in a homogeneous medium 
\lkaline hydrolysis gives sulphite, thiosulphate, sulphate and sulphide whereas the products m acid 
hydrolysis are mainly sulphur dioxide, elemental sulphur and hydrogen sulphide, with traces of 
polythionates Under optimum conditions, tetrasulphur tetranitride reacts with sulphite consuming 
2 moles of sulphite per mole of sulphur nitride to give 2 moles of trithionatc The reaction of sulphur 
nitride with thiosulphuric acid gives pcntathionate and tctralhionate 

Till constitution of tetrasulphur tetranitride has been the subject of much dis- 
cussion and the hydrolytic reactions of the compound are of special interest since 
they furnish the mam chemical evidence for its constitution The hydrolysis of sul- 
phur nitride has been investigated by Goi wring*'*, who carried out two-phase hy- 
drolytic studies by shaking solid sulphur nitride with ben7ene and an aqueous solution 
of the appropriate reagent The reactions under these conditions arc slow and re- 
quire mechanical shaking for several hours Sulphite, thiosulphate and trithionate 
were found to be the products of alkaline hydrolysis, trithionate was observed only 
in weakly alkaline solutions Trithionate was found to be the major product of the 
icMctioii of sulphur nitride and sulphite, a small quantity of thiosulphate was also 
observed m this reaction Duiing all these reactions, Goehrmg observed that the 
enure quantity of nitrogen was converted into ammonia 

The difficulties of the two-phase studies can be obviated and the experimental 
technique can be simplified by working in a homogeneous medium Such a homo- 
geneous medium can be obtained by using suitable solvents For instance, the tw'o- 
nhase system (benzene-water) adopted by Golhrino can be easily homogenized by 
the addition of a sufficient quantity of alcohol The hydrolytic reactions under 
iliese conditions have been found to be quite rapid and quantitative Similar e\- 
peiimcntal results were obtained when sulphur nitride was dissolved in dioxan and 
shaken with aqueous reagents As dioxan is completely miscible with water the 
-■vsteiTi would be homogeneous, it may be pointed out that dioxan is also a better 
''olvent for sulphur nitride than benzene 

The hydrolytic reactions of sulphur nitride in alkaline and acid media as well as 
in the presence of sodium sulphite and thiosulphate are described in the present 
I'lnmumcation 

EXPERIMENTAL 

Ic'tiasLilphur tetranitride was prepared by the reaction of ammonia with disiilphur dichloi ide as 
' 'Ll ibed by CioniRiNc. “ The product was twice recrystallizcd from extra-pure benzene The melting 
' int of the pure sample was found to be 177° (reported'^’ 178 ) Analysis foi nitrogen and sulphur 

Goi HRiNti, Ber Disch Clieiii Ge\ 80, 110(1947) 

^ Bi CKfc-GotHRiNG, yrto;g£ 7 /i/c 5'Kzir/ies(r, Vol 6, p 124 Interscience New Yoik (I960) 
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siiowcd 69 f( pLt Lent sidphiii and ^0 26 pci cent nitroijc'n. Ihcoieticnl 69 61 S and 30 40"„ N 
I he so/venis hcn/enc, didxan and a/colio/ were pm died bv standard methods Other reagents 
used Were all of the an.dvtical icagcnl [;rade 

(k ru'i 'll pioitiliiit 

A known weight ol the sulphur nitiulc was dissolved in 10 ml ol ben/ene and 40 50 ml of an 
aqueous solution of eai bonate-fi ec sovlium hydro\.Klc(or hydiochlorie aeid, sodium sulphite or sodium 
thiosulphate depending upon the paitieular react ion under study) were added 1 he immiseible liquid 
svsteni was then homogeni/ed by the addition of 65 75 ml of alcohol and the contents were shaken 
well It was founvt evinseiiient to use diovin instead of ben/ene as solvent, m this case the addition 
of alcohol was not neecssaiv foi the sake ol homogcni/ation, yet alcohol was added in some experi- 
ments so as to serve .is an inhibitor ol the atmosphenc oxidation of sulphite All the experiments 
were conducted at room temperature (28 2 C) 

Aflei (he completion of the leaelion the pioduets were analysed following the analytical proce- 
dures ol Kur 11 \ \e ki i< .ind co-workers'" ’ for a mixture of sulphide sulphite thiosulphate and poly- 
thiofiates and ot f icohi mg, f cldniann and I lelbing® for a mixture of polythionates The total sulphur 
in solution was cstim.ited as b.irium sulphate after oxidation with either sodium peroxide or bromine 
and nitric acid 

Preliminary experiments showed that hydrogen sulphide and sulphur dioxide were among the 
products in acid hydrc'lysis To prevent the escape ot these gaseous products, the experiments were 
carried out in an all-glass apparatus littcd with suitable ground-glass joints and leads and the gaseous 
pioduets weie swept oil by a stream of piiic nitrogen and absorbed in an alkaline suspension of tad- 
mium hydroxide The cadmium hydroxide helped to fix the hydrogen sulphide as cadmium sulphide 
immediately on absorption, the sulphur dioxide was fixed as alkah sulphite which remained in solu- 
tion No thiosulphate is prttduced when the mixed gases are absorbed in alkali containing cadmium 
hydroxide The sulphide and sulphite were then lodomctncally determined 

The analytical lesults of alkaline and acid hydrolyses are presented in Tables 1 and 2 respectively 
while Tables 3 and 4 give the results of hydrolytic reactions m presence of sodium sulphite and thro- 
sulphunc acid lespoctively RIank experiments were conducted in each ease 1 here was no need for 

Txtlll 1 -AiKAIINI IIVOROLSSIS ot TFTRASUI I’HLIR II IKAMtRIDL 
(Over-all alkali strength 0 50 N) 

Total 

Amount of sulphur 


hxpt no * 

sulphur niti ide 
taken I 

Sulphide i 

Siilphuc I 

I hiosulphate r 
(“„) 

Sulphatd 

C/o) 

found 

(^) 

1 

24 95 

2 36 

62 63 

24 42 

lO 59 

100 0 

1 

36 S3 

I 95 

58 29 

23 57 

16 19 

100 0 

3 

42 40 

2 73 

59 24 

24 98 

14 50 

lOI 5 

4 

25 22 

I 67 

57 98 

27 83 

1 1 90 

99 4 

5 

28 38 

3 li 

64 63 

I4 38 

17 30 

99 4 

6 

25 38 

4 12 

69 53 

1 2 06 

13 79 

99 5 

7 

3 1 24 

4 04 

67 33 

1 3 74 

14 89 

1000 


* Experiincnls 1 4 were earned out using ben/ene as solvent krr sulphur nitride, whereas dioxan 
was used as solvent for experiments 5 7 

t Quantities of sulphur and sulphur etnnpounds are all expressed in terms of gramme atoms of 
sulphur 10' 

A WnssBLRc.tR, Oipaiiic Sohents Interscicnec. New York (1955) 

I M Kolthoi t and V A STENtti r, Volumetric Analv>is,\o} l,p 161 Interscience, New York 
(1942) 

A KuRiFNACKtR Aiialyl I'lClw Chemie der Sauei stojjsauren des Schwefeh Stuttgart (1938) 

M Gofhring, [J Fri dmann and W Hclbino, 2" Anatyt Chem 129,346 (1939) 
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any blank correction m the case of alkaline and acid hydrolyses and the reaction vv ith sodium sulphite 
//) the case of the reaction with sodium thiosulphate in acid medium, it was found that blank correc- 
tions were necessary, this could be attributed to the probable decomposition of thiosulphuric acid 
dining the reaction time 

TaI1IF2 — Aciu HVIJROLYSIS Oh I b I RASULPIIUR ItTKANIIRlOb 

(Over-all acidity 4 0 N) 


Amount of 

Hydrogen 

Sulphur 


Tclra- 

Elemental 

sulphur nitride 

sulphidet 

dioxidet 

1 hiosulphalet 

ihionatct 

sulphur t 

taken t 


(".,) 

( 

(“„) 

(?o) 

30 96 

3 67 

77 50 

1 65 

3 29 

13 89 

45 44 

7 79 

71 48 


— 

20 73 

38 27 

4 95 

69 31 

— 


25 74 


* Benzene was used as solvent tor sulphur nitride in expt No I and dioxan in expts no 2 and 3 
I Quantities of sulphur and sulphur compounds are all expressed in terms of gramme atoms of 
siilphui 10' 

TaHI b 3 -RtACTION OF fbCRASULPHUR rElRAMFRlOC S\ 1 1 11 SODIUM SULPHltb 

IN NEUIRAL MFDIUM 



Sulphur 

Sodium 



Sulphilc 


T rilhionatc 


nitride 

sulphite 

Sulphite 

Sulphilc 

cxpcekd to 

7 rilhionatc 

expected to 

t \pl 

taken 

taken 

unconsumed 

used up 

be used up 

formed 

be formed 

no • 

(M 10«) 

(M 10<) 

(M 10«) 

(M 10‘) 

(M 10') 

(M 10*1 

(M 10') 

1 

7 50 

15 00 

5 07 

9 93 

15 00 

10 1 1 

15 00 

■> 

8 31 

33 24 

19 33 

It 91 

16 62 

13 57 

16 63 


6 77 

54 16 

40 7 1 

13 43 

13 54 

13 44 

13 54 

4 

7 50 

75 00 

59 40 

15 60 

15 00 

14 91 

15 00 

5 

7 79 

77 90 

61 78 

16 12 

15 58 

15 44 

15 58 


• Dioxan was used as solviiit lor sulphur nitride in txpls 1 4 whersas henacne ssas ustd m expt 5 


TAHbbd — REACIION OF IbFRASULPHUK IIFRAMIRIDF WITH SODIUM 
rillOSULPIIAIt IN AttllC ACID MLDIUM 

(Over-all acidity 0 60 N) 



Sulphur 

Thiosulphate 

Thiosulphate 

Sulphite 

Pcntathionatc 

Tctra- 

thionate 

Expt 

nitride taken 

taken 

lelt over 

formed 

formed 

formed 

111) * 

(M 10') 

(M 10') 

(M 10') 

(M 10') 

(M 10') 

(M 10') 

1 

5 31 

42 48 

1 06 

2 64 

II 45 

10 38 

T 

651 

52 08 

— 

3 60 

13 30 

15 97 

3 

4 09 

52 08 

7 72 


13 84 

8 91 

4 

nil 

52 08 

35 66 

10 37 

2 13 

0 27 


* Benrenc was used as solvent loi sulphur nitride in expt 1 and dioxan in expts 2 and 1 I he 
nl ink expt 4 was earned out in a sedvent mixture ol the same composition as expts 2 and 3 


Rl-SULTS 

Alkaline hydrolysis 

Tctrasulphur tctranitride is quantitatively hydrolysed by alkali in a homogeneous 
■'icdiuin The products of hydrolysis are sulphite, thiosulphate, sulphate and a small 
d'iantily of sulphite Using an over-all alkali strength of 0 50 N and benzene as 
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sohciil foi sulphur nitride it vvjs found that neaily 60 pet cent of the sulphur nitride 
v\.js conceited into sulphite (Tdble I) About 2J-2S per cent thiosulphate, 10-16 per 
Lent sulphate anci 2-3 per cent of sulphide were also obtained When dioxan was used 
as solvent, the thiosulphate yield decreased to 12 14 per cent while sulphite yield 
increased to 65 70 per cent about 15 per cent sulphate and 3-4 per cent sulphide 
weic also obtained Alkaline hydrolysis was complete in 2 hr, this was indicated by 
the giadual disappearance of the yellow colour of the sulphur nitride The solution 
icmaincd clear thioughout and became colourless at the end 

hul li]ilii)/\sis 

Acid hydiolysis of sulphur nitride was found to he slowei than alkali hydrolysis 
The hydiolysis veas sluggish with dilute acid, but the reaction could be hastened by 
using an acidity of 4 N It may be seen from Table 2 that the mam product of acid 
hydiolysis of sulphur nitride is sulphur dioxide Using benzene as solvent, about 
7K per cent of sulphui dioxide, 14 per cent of elemental sulphur, 4 per cent of hydrogen 
sulphide and small quantities of thiosulphate and tetrathionate were obtained No 
thiosulphate or tetiathionate was obtained when dioxan was used as solvent, the 
sulphui dioxide yield was 70 per cent, elemental sulphur 20-25 per cent and hydrogen 
sulphide 5 8 per cent The absence of polythionates when dioxan was used as solvent 
could be attributed to the decomposition of polythionates to give elemental sulphui 
as shown by the increased yield of elemental sulphur in a dioxan solution 

RcckHoh oJ \iilphui niliulc with svJiuui sulphite 

It may be seen from fable 3 that sulphur nitride reacts with sodium sulphite in a 
neutral medium to give tnthionale quantitatively A neutral medium was employed 
throughout this study since an acid medium would render the estimation of the 
unconsumed sulphite inaccuiate and an alkine medium might cause the decomposi- 
tion of the polythionates expected to be formed A known amount of a standard 
solution of sodium sulphite (stabilized by alcohol, 15 per cent by volume) was added 
and after about 30 min, the sulphite left unconsumed as well as the trithionate 
formed were estimated It was observed that a high concentration of sulphite was 
necessary foi the reaction to be quantitative With a twofold or fourfold molar con- 
centiation of sulphite, trithionate yields were not quantitative, but when an eight- 
fold or highci concentration of sulphite was employed, it was found that two moles 
of sulphite were consumed per mole of sulphur nitride to give two moles of trithionate 
The yellow colour of the sulphur nitride solution deepened to a transient red on the 
addition of sulphite and homogenization, the solution became colourless in less 
than 5 min when a large excess of sulphite was present No thiosulphate or higher 
polythionates were observed among the products 

Rear lion of sulphui niliiJe with lliiosulphuric acid 

The reaction of sulphur nitride with thiosulphate could be studied only in acid 
conditions since the higher polythionates expected to be formed would be decom- 
posed in an alkaline solution The acid hydrolysis of sulphur nitride is, however, 
slow, also the acidity had to be kept low to minimize the decomposition of thio- 
sulphate Acetic acid (0 60 N) was therefore employed 

Sulphur nitride was completely consumed in about 1 1-2 hr time using an eight 
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to twelvefold molar concentration of thiosulphate The products are mainly penta- 
thionate and tetrathionate (It may be seen from expt 4, Table 4, however, that 
thiosulphate itself, when left in a similar acid medium for 2 hrs, undergoes some 
conversion to pentathionate, sulphite and elemental sulphur ) 

The yellow colour of the sulphur nitride solution deepened to a red colour on 
the addition of thiosulphate and gradually faded and the solution became colourless 
after 1 1-2 hrs 

DISCUSSION 

The constitution of sulphur nitride is discussed at length by GorHRiNG‘'\ who 
suggests resonance between 8 canonical forms leading to the equivalence of all the 
N S bonds The N — S bond length*'^’ in sulphur nitride is 1 60 A, compared with 
the value of 1 74 A for a N — S single bond and 1 54 A for a N double bond, 
this indicates a partial double bond character for the N — S bond in sulphur nitride 
Ihc interatomic distance between two sulphur atoms connected through a nitrogen 
atom IS 2 71 A and that between two sulphur atoms not connected through nitrogen 
IS 2 58 A This latter interatomic distance is much smaller than the Van Der Waals' 
distance of 3 7 A although larger than the S — S single bond length of 2 1 A While 
this short distance is explained as due to contributions from cross-bonded structures 
in resonance, it is clear that no S — S chemical bond in the conventional sense exists 
in sulphur nitride The absence of N — N bonds, established by X-ray analysis,'®* 
IS supported by hydrolytic results where all the nitrogen is converted into ammonia 
When sulphur nitride is allowed to react with anhydrous hydrogen iodide in non- 
aqueous solvents like carbon tetrachloride,'** all the sulphur is reduced to hydrogen 
sulphide and the entire nitrogen is converted into ammonia as per the equation 

S^Nj -l 20Hl --4HjS 1 4NH3 i lOlj (1) 

The oxidation state of sulphur in hydrogen sulphide is - 2, m order to bring all the 
four sulphur atoms present in sulphur nitride to this state, twenty equivalents of 
reductant are consumed Therefore the average oxidation number of sulphur in 
sulphur nitride may be taken as |-3 Further evidence for the T3 oxidation state of 
sulphur in sulphur nitride has been adduced by the present authors from oxidation 
■'Uidics using chloramine-T '"*’ In this reaction, all the sulphur is oxidized to 
sulphuric acid and all the nitrogen is converted to ammonia 

S,N, 1 6(0) i iOHp — 4HiSO, - 1 - 4 NH 3 (2) 

Ihe oxidation state of sulphur in sulphuric acid is H 6, since twelve equivalents of 
oxidant are consumed to bring all the four sulphur atoms in sulphur nitride to this 
state, the average oxidation number of sulphur in sulphur nitride may be seen to be 
3 This implies an oxidation state of -3 for nitrogen in sulphur nitride The fact 
that all the nitrogen is converted into ammonia in all these hydrolytic, reductive and 
oxidative reactions proves that the oxidation state of nitrogen is unaltered in these 
' -actions The electropositive nature of sulphur in sulphur nitride is in agreement 
ih Pauling’s electro-negativity scale (N 3 0, S 2 5) 

'xl Becke Goehring, Proeresi in Inorganic Chemistry, Vol 1, p 208 Interscience, New York. 

11959) 

D Clark, J Chem Soc 1615 (1952) 

^ R V ASUDEVA Murthy, Proc Indian Acad Set 37, 25 (1953) 

' G R Nair and A R V Murthy, Chem and Industr (In press) 
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These observations aie eompatible with the results of hydrolytic reactions if wi 
assume the formation of a deiivatue of S* , viz , “sulphur trihydroxide” S(OH)j a' 
the primaiy pioduct of hydrolysis Such a product will be extremely unstable anc 
will have only a tiansieiit existence, being transformed into sulphoxyhc acid (m whief 
sulphur IS 111 the ' 2 oxidation state) and sulphurous acid (where sulphur is in the 
oxidation state) 

S,N, I2H,0 ►4S(OH), 4NH, 

2S(bH). , 2S(OH), 

1 

2h"sOj 2H_0 (3 

Sulphox)lic acid itself, while not isolated m the puie state orin solution, is known to be 
a highly reactive species as seen fiom studies on its deiivatives The secondary 
reactions undergone by sulphoxyhc acid explain the formation of the various product' 
in the hydrolysis ol sulphui nitride 

Alkaline and and livdioh se\ 

On the basis ol reaction (3), one might expect 50 per cent of the sulphur in sulphui 
nitride to be converted into sulphurous acid, whereas the actual percentage of sul 
phurous acid (or sulphite) obtained m acid or alkaline hydrolyses is much higher 
(60 75 pel cent) This can be attributed to the decomposition reactions of sulphoxyhc 
acid leading to the formation, among other products, of extra sulphite Sulphoxyhc 
acid IS known to undergo the following reactions in an alkaline medium '' 


2H,SOi >H,S.O, , HP (4) 

2H,SO, > H.SOj (5) 

3H.SO, -H.S 2H,SOj (6) 

Besides, sulphoxyhc acid reacts with sulphurous acid to form trithionatc 

H^SO, , 2H,SO, . H,Sp„ ! 2Hp (7) 

Trithionate is known to be hydrolysed m presence of alkali in two ways depending 
upon the alkali strength 

S,0^- OH ►HSO^ ' SP3= (8) 

2S,0„- 60 H- ►S.O,-! + 4503= 1 3HP (9) 


The absence of trithionatc and the presence of sulphate among the products arc ex- 
plained by these hydrolytic reactions of trithionate All the products of alkaline 
hydrolysis are thus accounted for qualitatively in terms of reactions (4) to (9), these 
analytical results are not amenable to exact quantitative evaluation due to the large 
number of complicating secondary reactions involved It may be mentioned that 
GohHRiNG*” did not observe sulphide among hydrolytic products, although 
MEUwsrN,”'*’ who heated sulphur nitride with aqueous alkali, had noticed a small 
quantity of sulphide 

While acid hydrolysis is much more complicated than alkaline hydrolysis, the 

M GoehrinCj, Z Anorg Chem 253,304(1947) 

A R V Murthy, P/oc Indian Acad Set 36, 396 (1952) 

O Foss, K.jl Norsk Viden Sehk Sknfi No 2p 5 (1945) 

A MfcUWSFN, Bei Dtsch Chem Ges 62 , 1968(1929) 
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primary reaction (3) may be supposed to take place It may be further supposed 
that sulphoxylic acid disproportionatcs according to Equation (6) which explains the 
formation of some hydrogen sulphide A part of the hydrogen sulphide and sulphur 
dioxide react with each other giving elemental sulphur and polythionates 

Reaction mth sulphite and thiosulphate 

The sulphite ion ranks high in “thiophilicity”'''’* and is known to be very active 
in nucleophilic attacks on elemental sulphur'^*" and several sulphur compounds 
The sulphoxylic acid produced in reaction (3) is quantitatively converted into tri- 
thionate by the sulphite present in excess, as per reaction (7) This reaction is known 
to take place rapidly in a neutral medium The net result of reactions (3) and (7) 
would be that one mole of sulphur nitride consumes two moles of sulphite to give 
two moles of tnthionate 

S^N, -►2S(OH), 1 IH.SO, 

I 4H,So' 

( 10 ) 

It may be seen from Table 3 that these predictions are verified by the experimental 
results when an excess of sulphite is employed An excess of sulphite is necessary 
111 order to suppress the competitive side reactions, viz , decomposition reactions of 
sulphoxylic acid The present analytical results confirm the observations of 
Goliiring 

The following reaction may be expected to occur between thiosulphate and 
sulphur nitride 

S,N, — 2S(OHb ! 2H,S05 
I 4H.S,0, 

2H^SjO, (II) 

Pentathionate is thus expected to be the mam product However, due to the sul- 
phite degradation of pentathionate, which takes place to some extent m the w'eakly 
acid medium, tetrathionate is also to be expected 

s,o„^ . ' SjO/ (12) 

The source for this sulphite is reaction (3) itself The situation is further compli- 
i-ated due to the fact that thiosulphate itself, left m the acid medium for U-2 hr 
Isads to the formation of some pentathionate While quantitative correlations could 
not be made due to these complicating factors, it may be noted that pentathionate 
and tetrathionate are the mam products, as expected 

The ring system in sulphur nitride is opened up in all these hydrolytic reactions 
Also, the fact that polythionates and other sulphur chain compounds are present 
iniong the hydrolytic products although there there is no S — S bond in sulphur 
'iliide testifies to the marked tendency for the sulphur atoms to link with one another 
innng straight sulphur chain compounds, this tendency being especially strong m 
presence of thiophiiic reagents like sulphite and thiosulphate 

W A Pryoh Mechaitiiiiis of \ulf?Jiur I eaclioiis, p 60 McCiraw-Hill, New York (1162) 

M Sc HMiOT and G Talsky Ber Cheat Dtsch Ges 90, 167t ( IV57) 

^ tt V Murthy and V R S Kso:J Sii amt liuliisir Res 18 B, 40(1959) 
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Ammonium uranates and UO,-hydrates-ammoniates 


( Received 1 6 July 1 962) 

!n past years we have found a distressing number of so-called ammonium uranates, all differing in 
their X-ray diagrams The situation being most confused, this contribution is intended to show that 
dilTcrent series of compounds might occur in parallel, depending on the method of preparation 
Several different crystalline products can be obtained by precipitation with urea from a homo- 
geneous solution"’ A few years ago an attempt to identify these products led us to the conclusion that 
at least some ammonium uranates arc, in fact, UOo-hydrates-ammoniates with a general formula 
UO, (2-s)HiO rNHa 

I he reaction of gaseous or dissolved ammonia with a 0 15 to 0 60 molar uranyl nitrate solution at 
loom temperature yielded, below pH =9 5, three products, with distinctly different X-ray diagrams, 
indicating closely related orthorhombic lattices The products were designated v, jt, and y. with 
transition points at a pH around 3 and 9 respectively The transition [i y was reversible in the 
mother liquor and was shown to depend solely on the pH, whereas under nitrate-free conditions the 
icaction 7 fi seemed to be irreversible 

The strong resemblance of the X-ray diagrams ol the ot, /), y forms and that of UO3 2 H 2 O was 
closer than might be expected between ammonium uranates and UOa IH^O This suggested that 
ammonia replaced HjO m the lattice as NH,, instead of being present in the form of NH,* as it would 
have been if the compounds were ammonium uranates This concept seems to be in agreement with 
infrared work carried out by DtANE"" and with an X-ray diffraction study by Garner 

for further experiments a reactive UO, 2H3O sx'as prepared by electrodialysis of the amorphous 
product from the urea process'" This material was washed several times with dry, liquid ammonia 
and dried free from adsorbed liquid A compound with a hexagonal structure was obtained 

A surprising effect observed was that a continuous shift of the diffraction lines occurred while the 
dillraction diagram was being obtained, in the direction of increasing lattice parameter This was 
attributed to a loss of NH3 from the sample The action of dry ammonia gas gave a compound f as 
upper limn of the hexagonal region, with parameters a -= 4 03 A and c = 7 12 A, whereas washing 
with water resulted in a compound <5 with a = 409 and c = 7 50 A, probably corresponding to the 
lower limn of NH3 content of that region In the latter case, strong lines of [i were p.escnt 
Chemical analysis of the compounds /f, and e revealed compositions of 

GO3 IH3O JNH3 (/O 

UO3 JH3O }NH, (b) 

UO3 »H.O SNH, (f) 

recent rcinvcstigdtion of the pure UO 3 — HjO— -NH, system by Corihunki gave essentially the 
vinit results with a slight difference, he found two different hexagonal structures with a two phase 
I Lgion in between, whereas our conclusion was that a continuous region exists with much w ider limits 
’ and ( respectively Furthermore, Cordiunke"" stales that his products are real ammonium uranates 
Rceently we started an investigation on the reaction between dry gaseous NH, and UO, 2H2O 
powder at room temperature Although the results arc still veiy preliminary, they are interesting 
'oiigh to report them The same UO3 2H3O preparation was used as in the former experiments 
'by nitrogen with different percentages of NH, gas was conducted across a well stirred sample of 
' t), 2HjO powder With NHj contents of the solid appioximately between 1 0 and 1 7 per cent by 

ff Braun (N V Philips, Eindhoven) Personal Communication ( 1959) 

^ M Deane, A E R E — R 341 1 (I960) 

1 V Garner, / Inory NucI C /icni , 21, 380 (1961) 

'’1 t A Hi RMANS, pVoc 2rid Geneva Conf 7, (I'iSS) 

^ HP Cordfunke, / NucI Inory CAerw , 24 , 303 ( 1962) 

* H P CoRDFUNKE, Personal Communication (1961) 
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Notes 


\icight, 4 I new lu thi’rhomhiL. compiniiiJ (0 "JS ohtniiicd Af / 7 „ NHf J trifling but definite shift ol 
the lines wjs ohscistd (dhiernn //) which did not chjngc until well nbose ^ pel cent NH 3 Then, a 
hcxAgonul Lompound stiinew here bt tween <) .ind t ujs obl.iiiieit hiirthci JC lion of dry, pure blH^ gas 
gave a tiex.igondl compound with dll even sniallei ( p.iianiLtei than f a 4 Ot A and t 7 07 A The 
NH , content was at that m micnt 4 2 per cent coircsponding to a composition (UOj) (1 2H/)) 
(08NU,) 

The whole picture seems to be very intiieate and needs liirther investigation It appeals that 
diHeicnt senes ol compounds arc ioinicd in hc|iiid or dry systems and in the former case even different 
il nitrate is present 01 absent C onlusing though this seems it might be understood triim the tact that 
dillcrent types of IK) , 2MK) exist, as was pointed out by Du 1 These types ditler because part of the 

water may be present as hvdroxylic gtoups attached to UO_ It is clear that the exchangeability of 

water against NH, and the resulting structures may differ depending on the struetuie ol the initial 
UO, 2M_0 This again may depend on the presence ol liquid water 01 on the previous history The 
existence ol ammoniates and ammonium uianates might well be untlerstood on the same grounds 
A I urthcr complication ol our expel iments with gaseous N1 1 , arises Irom the fact that dry NH , was 
usetl C onseL|uently' no equilibrium was reached and even at extremely low NH, concentrations 
hexagonal compountls could be obtained by prolonged ticatment The pi esc nee of watci vapour in 
the gas results in products with lower NH, contents It seems unlileely that a total of two molecules ol 
water plus amtnotiia per molecule of UO, is presersed under dry conditions, as one would 
expect lh.it a compound UO (2-\ )H jO \NI I , could exist only m eL|ui librium with one definite com- 
bination of H () and NH, gas picssuics 

A gas-solid re i-tion was studied to lind .1 suitable ni-asure for the reactivity ol different types 
of UO, 2IUO I arge dilTcrcnees in icaction rate were obscived 

A mote elaborate account of the work described above will be published in due course 

ArkiunilcdgeineiU — The authois wish to thank. Mr H I Pi-nnini.s lor his assistance m the experi- 
ment.il woi k 

M t A Hermans 

N V KTMA, 4inli(ni, 1 MARKfSTtiN 

Netliei lands 

''' R M Dili Personal Communication ( 1962) 

M r A Hi KMANS, To be published as thesis at Delft Technological University 


Un nouveau dispositif generateur d’lode 132 

( Rereired 9 July 1962, in levised finni W Oiinhci 1962) 

L’fonF 1 12 (2,1 h) est un produit de hliation dii Tcllure 1 12 (71 h) que I’on trouve dans les produits dc 
hssion dc I’Uranium 

Diverses meihodes de separation de 1 lode 132 a parlir dti Tellure de hssion out cte dderites dans 
la Iitt6raturc 

Lc dispositd generateur diode 132 gcneralement employe utilise une mSthode decritc pat 
Tucker II consistc cn une colonnc dc 10 g d’aluminc (hauteur 1,5 cm, section 3 cm-') sur laquellc 
on fixe le Tellure (Tcllure 112 ct Tellure cntraincur inactif) sous forme de relluiitc 

Avec ce dispositif, il peul arriver qu une quantile non ncgligeable dc Tcllure enlraineur soit clu^e 
en meme temps que 1 lode 132 De plus, I'elution de I'lode 132 neeessile un temps assez long si on lc 
compare a la periodc dc Tisotopc (environ 45 min d'elution) 

On a done 6tudie une modification a cette metherdc. afin de reduire les meonvcnienls cites Dcs 
essais ont ete poursuivis visant a remplacer la colonnc d alumine de 10 g par une colonnc de 5 g 
seulement, mais capable de fixer tout le Tellure par addition d'unc certame quantity de nitrate 
d’aluminium on fait coprecipiter I hydroxyde avec le Tellurite par addition d’ammoniaquc 
Difl6rcnts cssais ont permis de mettre en evidence Tinfluence dcs parametres suivants 
le Tellure est d autant mieux fixe sur le precipitd d’alumine que la quantile de nitrate d’aluminium 
ajout6e est plus grande 

Par exemple pour coprecipiter 20 mg dc Tellure, 2 ml d’une solution de nitrate d'aluminium a 
10";; sont suffisants 

L’exces d’ammoniaque diminue Tadsorption du tellurite sur Talumine 
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1 influence de Id quantite d’ammoniaque ajoutcc cst d'auldnl moms sensible que la quantite dc 
nitrate d’aluminium a|oul6e est plus grande 

tn pratique on est limitd dan^ I'addition dc nitrate d'aluininium, car I hydroxyde d aluminium 
amoiphe ddposd sur le lit d'alumine ralentit considcrablemcnt Ic debit dc la colonnc 

DLSCRlPnON DU MODE OPERATOIRE 

Ainsi les mciileurcs condvtions opiratoircs seniblent Ctre pour une colonne dc 2,2 cm de diametre 
ct une cpaisseur d’alumine de 2 cm (environ 5 g) 

Aluminc Merck d’apres Brockmann 

Apres dissolution de I’oxyde d’Uranium dans HCI concentre, addition de 20 mg dc Tellure 
cntraincLir cn solution 

Precipitation du Tellure par le chlorhydralc d hydrazine 

Redissolution du Tellurc par HNO, concentre, addition de 2 ml de nitrate d aluminium a 10";^ 
Neutralisation jusqu’a precipitation de I hydroxyde d'aluminium 
Remise en solution par quelqucs gouttes d’acide 

Pend.int ces operations passage sur la colonne de 10 ml d ammoniaque N 

f ixation de la solution active 

Lavage de la colonnc par NH, OH(N/l(X)) 

Cette methode cst actuellement utilisee au C E N de Saclay, pour la prepaiation de I lode 132 

Depm ! I infill <k's RudiOflenieiil', E Hat/opolios 

i/ii C L N de Sac/ay 
(ii/-',iii- Yvette ( iite-el-Otie) 

I uitice 

WiNS( HK W E , SrANCi L Ci Jr , TutxrK W D Production ol iodine-1 J2' . Nucleonic, 8, 3 
14 18(1951) 


Use of sulphamic acid for dissolving plutonium* 

{Receaed 16 Aiii;iisi 1962, in tensed jotni 28 December 1962) 

Pt uroNtuM metal was found to dissolve readily in sulphamic acid and sulphamic-nitric acid mixtures 
Jins observation is of practical signihcance m repurilication of the metal since the dissolution in 
nitric acid is quite slow, and most ol the agents that aic cirective in dissolving plutonium (such as 
halogen acids) arc highly corrosive to stainless steel equipment The use ol I 7 M sulphamic acid for 
plutonium dissolution has made possible the elimination of cosily platinum-lincd equipment which 
V..IS required to contain the HNOj-HE mixtures formerly used 

Dissolution ol plutonium mltai 


C omposition of 
dissolvent ( M) 

Temperature 

T line 

Max cone 

Pu attained 

of Total Hydrogen 

UNO 

, NH,S 03 H 

( C) 

(mm) 

(g/l) 

Ion Consumed t 

S 7 

00 

25-30 

60 

0 7 

0 2 

S 7 

0 3 

40 I02J 

I4t) 

68 

14 

3 0 

1 0 

25-59 

10)} 

46 

14 3 

00 

1 7 

25^0 

601) 

1 34 

~ 100 


* The information contained in this article was developed during the course ol vvoik under con- 
tract AT(07 2)-l with the U S Atomic Energy Commission 
' ( alculatcd on the basts of Pu dissolving as Pu(lll). except lor the case of 5 7 HNOj where the 
(ormalion of Pu(lV) was assumeif 

I Solution was heated initially to 40 C' and dissoluticm was then allowed to proceed 
^ Time at which reaction ceased 
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1 tic dissolution of massoe metal and of metal turnings in solutions of HNOi.NHjSOjH.and their 
miKtures gave the results shown in the table In these experiments an excess of plutonium metal was 
added tir the solution ol interest and dissolution was continued until the reaction ceased Thus, the 
maximum concentration ol plutonium attained in solution was a measure of the extent to which the 
rcaetioii would piocced 

Ills believed that I he dissolution in ihepiesence of sulphamie acid occurs according to the reaction, 
Pu Ml Pu'' .’H I and that the sulphamatc ion promotes this reaction The heat liberated 
by this I eaetion IS ll..ij 141 S) (keal/mol Pu)'" Since the sulphamale ion is less stable'^' (decom- 
posing to sulphate) as the temperatuie is ineicased adequate cooling is needed tei maintain a low tem- 
peiaturc during dissolution The preseiiee ol nitrie aeid dm mg dissolution also reduces the stability of 
the sulphainate 

Lxtensive expel leiiee in the dissolution ol plutonium metal eonlnmcd the preliminary observa- 
tions showing that 

1 If the solutions weie not adequately cooled duiing dissolution the reaction ceased abruptly as a 
lesLilt ol decomposition ol the sulphainate Thus il the temperatuie of a starting solution of 
5 7M UNO, 0 3M NH^SO,!) exceeded 50 C the reaction ceased 

2 Small amounts of sludge wcic lormed m most dissolutions made in I 7M NH^SO^H, and much 
more sludge was loi med if HNO, was also picseni A sample ol sludge from dissolution in 
I 7M NH SO, contained 62 6 pel cent Pu by weight, the sludge apparently is a mixture ol 
plutonium oxide and plutonium sulphale Sludge lormed during rapid, ince’implctc dissolution 
ol the metal may contain liiiely divided metallic paitieles which aie pyrophoiic when exposed 
to air 

^ With proper cooling lo pieveiit decomposition of sulphamatc (tcmpeiaturc maintained below 
40 C), the leaetion in 1 71V1 NHjSO.H preiecedcd to essentially complete exhaustion ol the 
hydrogen ion with very little sludge formation 

W J Jfnkins 

Sat aiiiiuh Rii c> Labaraloi v 
L / (lu Pont (le Nemours & Co 
Aiken, South Caiolina 

L iiHtwtR et al , /he Ironsuraniimi hleinents NNES, IV I4B, Pai t 1 1, Paper 6 40, G T Scaboig 

and J J Katz (Editors) McGraw-Hill, New York ( 1949) 

L r AuoRitiH, M Sv'iDA, H H Sisilr, andM J BurctR, C/ie/ii Rer 26,49 (1940) 
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FISSION OF BY REACTOR NEUTRONS. 
MASS-YIELD CURVE 

R H Iyer, C K Mathews, N Ravindran, K Rengan, 

D V Singh, M V Ramaniah and H D Sharma 

Radiochemistry and Isotope Division Atomic Energy Establishment, Trombay 

Bombay-73 

(Received 28 September 1962) 

Abstract — Fission yields of thirty nuclides covering the mass region 77-1 56 have been determined for 
the hssion of thorium-232 by neutrons from the swimming pool reactor “ Apsara", using radiochemical 
techniques The mass-yield curve has the two familiar peaks at mass numbers 90 and 140 The 
maximum peak yield is about 8 per cent and minimum trough yield about 0 03 per cent The yield 
data indicate the presence of a small third peak m the symmetric region of the mass-yield curve The 
ihird peak is about 0 5 per cent of the total mass-yield curve, has a maximum to minimum ratio of 
about 2 4 and a half-width of about seventeen mass mumbers 

The data obtained have been compared with similar data in literature The results are discussed in 
the light of two-mode-fission hypothesis 

Low energy fission of heavy elements like uraniiim is predominantly asymmetric 
The symmetric fission contribution increases with increasing energy'-' and becomes 
predominant over asymmetric fission at bombarding energies of about 100 MeV 
In the case of lighter elements like lead and bismuth, symmetric fission was found to 
be predominant at all energies In the case of ^-•'Ra which is of intermediate mass, 
moderate energy protons'^' and deuterons"*’ gave a triple-peaked mass-yield curve 
while helium ions gave the more usual double-peaked mass-yield curve It was, 
therefore, surmised by Fairhall'®’ that a sudden change in the character of mass- 
distribution takes place as the compound nucleus undergoing fission changes from 
actinium to thorium More recent results of Cobbie and co-workers'^ show that 
the helium-ion induced fission of even a heavy nucleus like gives a triple-peaked 
curve but and give only double-peaked curves 

I Ills paper describes the results of work done during 1960 and 1961 on the fission 
of-‘^Th by neutrons from the swimming pool reactor “Apsara”. undertaken to obtain 
the fission yields in detail, particularly in the trough region so that it might be possible 
lo decide whether the mass-yield curve has a small third peak Such a possibility is 
nut ruled out by the results of Turkevich and Niday'®' on the pile neutron fission of 

f K Hvisr, Report UCRL-9036 (1960) 

■’ R B Leacuman, Proceedings of the Second International Conjeience on the Peaceful Uses of 
'ftomic r nergy, Geneva 1958, Vol 15, P/2467, United Nations (1958) 

"'A W Fairuall, Rev 102, 1335 (1956) 

” R C JiNSFN and A W Fairhau , T/ivr Rev 109,942(1958) 

R C JiNSEN and A W Fmkhau, Phys Rev 118,771(1960) 

"AW Fairhall Proceedings of the Second Intel natiorud Conference on the Peace/td Uses of Atomic 

I verify, Geneva 1958, Vol 15, P/667, United Nations (1958) 

R OuNNiNK and J W Cobble, /’/ ifr Rev 115,1247(1959) 

' 7 Colby, M L Shoaf and J W Cobbi t, P/iyr Rev 121,1415(1961) 

"’A fuRKEvicHand J B Niday, RAyi Rev 84,52(1951) 
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or even by those ofTuRKi vicii et al on the (Li [ D)-neutron fission of^^^Th 
The results arc interesting in view of the recent calculations by NtwsoN*^^* which show 
a third peak ftir the fission of “^-Th by 2 8 MeV neutrons 

I \Pl RIMLNT At 

A I’liiKiple 

The “tompanson iucIIkhI was used ls)r Ihc dclcrminalion of fission yields Thorium and 
uianium targets were alwj>s iiiadiated simultaneously and the fission products under consideration 
were isolated fioni both ^”Mo was isolated in all eases and was used as internal standard Mounting 
and counting o( the coiicsponding samples wcie done in the same way so that geometry, absorption 
and scattciing eorieetions we-re the same for both the samples 

Defining IJ as the ratio of the total activity ol any fission product X formed, to that of the tolal 
““Mo activity foiinei.i iindei the same conditions, and A as Ihe ratio ol the />- value in thorium 

hssion to /), , the /f-valtic in iiianium lission we have 

/f,„ (4^)1h/(4„„)Th, O, (4^)UI{A,,,)\J 

and Rx 

The activity 4^ 

wheic f \ IS the fission yield of the particular nuclide, /x ils decay constant, / the total number of 
lission events taking pl.ice in the taigct and the counting efhcicney lor the fission product Then 

^ ^ MiA \tnl t' \|(,)lh/ tji|(,)U 

where the quantities with primes refer to uranium hssion and Ihosc without primes to thorium fission 

p - ^ ^ ^ Mo)Th 

( Va7 ^i7)U 

Tx R kx ( k^Mo/ k Mo ) 

If y„J k,(,/ IS arbitrarily set equal to I, then Tx = R k^' 

The product of R and ( kx') gives a relative value for the yield of Ain thorium fission The absolute 
yield IS obtained by normalising the area under the relative mass-yield curve to 200 per cent This 
method obviates the necessity ol absolute counting, but is comparable in accuracy to other methods 

B Irradiations 

Pure thorium o\ide or thorium hydrocarbonatc obtained from Messrs Indian Rare Earths 
Limited, and thorium and uranium metal foils obtained from the Metallurgy Division, AtomicEncrgy 
Establishment, Trombay, were used for the irradiations (Analyses of thorium samples showed that 
they contain 0 5ppm of uranium, OSppm of cerium, 02ppm of samarium and 008 
p p m of iron) About 10 g of thorium oxide and about 0 5gof uranium were used for each irradiation 
The samples were enclosed in separate pure aluminium foils in a water-tight aluminium container and 
placed in a fixed position in the core ol “Apsara” reactor so that irradiations with the same neutron 
spectrum were obtained The duration of an irradiation varied from 1 5 min to 40 hr depending on the 
nuclides to be isolated During an irradiation, the power level of the reactor was maintained as steady 
as possible Small fluctuations in the power level during an irradiation do not affect the results 
significantly since both uranium and thorium were irradiated simultaneously in the same position 

C Dissolution 

After irradiation, the targets were separately dissolved in nitric or hydrochloric acid with or with- 
out carrier depending on the nuclides to be isolated Thorium targets required refluxing with acid 

1101 TuRKEVicH, J B Niday and A Tompkins, Phys Rev , 89, 552 (1953) 

H W Newson, P/iyy Rev 122,1224(1961) 

'**' R A Schmitt and N Sugarman, P/iyr Rev 95,1260(1954) 
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generally with the addition of about 1 ml of 1 M hydrofluo-silicic acid The vapours escaping during 
(he dissolution were passed through an alkali trap which was later acidified and added to the main 
solution Dissolution of the metal was vigorous and hence external cooling was necessary With 
thorium oxide as well as thorium metal, a small amount of residue always remained undissolved and 
It had about 2 per cent of the “"Mo activity It was assumed that the distribution of all the fission 
products between the solution and the small amount of residue is the same since this had been checked 
previously when dcutrcon-irradialed thorium metal was dissolved The solutions were filtered 
through Whatman No 42 filter and made up to a convenient volume 

Uianium metal dissolved easily in dilute nitric or hydrochloric acid When hydrochloric acid 
was used hydrogen peroxide had to be added to dissolve the uranium oxide residue and also to oxidise 
uranium to uianyl stale 

I) General radiochemical ptocedure 

A known amount of inactive carrier was added to an aliquot of the solution and allowed to inter- 
change with the fission product clement of interest After the interchange was complete, the clement 
was separated and purified from the target material and other fission products and finally obtained as a 
piecipitatc for mounting Standard radiochemical procedures '" were used with appropriate 
modifications m the case of thorium targets to obtain the required purity from thorium, its daughter 
products and protactinium which is foimed in quite large quantities 

I Moiiitiinp 

The precipitates were filtered through No 42 filter (1 in diameter) using a perspex fiber stick 
1 hey were washed, dried and weighed along with the filter paper and centred on aluminium plates with 
double-coated cellulose tape and covered with cellophane paper of thickness about 3 nig/cm" 

r Coiiitiiiiif 

fi- act IV lies were assayed using Sugarman-lype methane flow proportional counters having 1 in 
diameter end windows covered with alunumsed mylar of thickness about 1 1 mg/cm“ and 2-mil 
Stainless steel wire anodes y- activiles were assayed using a 1 5 in 1 in NalfTl) crystal in con- 
lunclit'n with a single channel or a hundred channel pulse height analyser All samples were counted 
each lime, long enough to keep statistical errors below 1 per cent Wherever possible samples were 
counted till decay was complete 

Cl Cakiilalion 

The i7-valucs and /t-valiics were calculated from counting data The activity m cpm of any par- 
iisulai nuclide was read from the decay curve and corrected for aliquot, chciiiical yield and for decay 
ahci iiiadiajion Corrections for decay during irradiation cancelled out since uranium and thorium 
I iigcts wcic always iiradiated simultaneously, and this implies the assumption that the genetics of 
ilic nuclides considered die the same in the thermal fission ol •'■'Tl and m the fast ncution fission 
I'l '-111 


II I'll 01 1 ) 

Of the various factors that contribute to the errors in the fission yields leportcd here, the one 
■osuciatcd with the sclecticm of (mu, f) yields is probably the most important The values 

iscommended by KAlcorr"^' have been used in this work and they are accurate to about 

■I I he errors associated with the yield values in the trough region arc discussed under Results and 
Oiscussion’ 

MV Ramaniaii, PhD Dissertation, Washington University St Louis (Ihs6) 
t D CoRviLl and N Suc.arman (Editors), Radiochemical Smehes The ! isswii Products 
NNI S . Div IV Vol 9, McGraw-Hill, New York (1951) 

’ I KiiiNiiLRt,, Report LA-1721 (1954) 

M l-istoNFR, Report UCRL-4377 (1954) 

5 Kakoif, Nucleonics, 18, No II, 201 (1960) 
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10 20 pci cent, although sonic ol them have much less unccitainly Also, the uncertainties in 
the trough region may be more than those in other regions Obviously, thorium fission yields, 
icportcd here, in any case cannot be more accurate than the fission yields 

l-rrors arising fiom the dilTcrcnccs in si/es and weights of precipitates between uranium and 
thorium runs arc mininii/ed by confining the piccipitates to the same area and applying corrections for 
sclf-absorptRin and scattering whcrcvci necessary 

The error involved in the assumption that the genetic relationships in -■‘■^Th («,. f) and 
are the same is negligible since under the conditions of the experiments the isomer ratios in thorium 
fission arc not expected to be dillercnt Irom that in uranium fission 

The small fast fission contribution of =-'"U (about I per cent of the fissions) would make 
the trough yields in thorium fission, af the most, about 5 percent lower than the actual values Cal- 
culations based on et|ual charge displacement hypothesis""’ as well as the empirical Zp values of 
Wahl"*’ indicate that the crroi introduced by way of the higher isobars of any nuclide isolated having 
appreciable independent yields, is not very serious 

The eonti ibution ol thorium fission by the secondary neutrons inside the largest thorium target 
used IS cslimaled to be less than I per cent of the primaiy fissions and therefore there cannot be any 
distortion of the mass distribution due to the secondary fission, partieulaily in view of the fact that 
the energy spcelriim ol the netilrons causing piimary fission is not vciy different from the energy 
spectrum of the secondary neutions 

Another souiee of erior is the normah/ation pioccss in which it is assumed that the mass-yield 
curve IS smoeith and the total yield is 200 per cent 

No corrections have been applied to the fission yields for the effects of neutron capture 
The standaid deviations ot the W-valucs given m Table 1 give a measure of the systematic expen- 
mental errors but not those mentioned above The overall reliability of the values may be taken to be 
10-20 per cent although the internal consistency ol individual values may be much better 

RT.SULTS AND DISCUSSION 

Fission yields of thirty nuclides coveting the mass range 77-156 were deteirnined 
in the fission of-'^-Th by neutrons from the swimming pool reactor “Apsara” The 
results ate given in Table I The mass-yield curve drawn through the experimental 
points IS shown in Fig I For comparison, the data of TURKivicii and Niday'®* on 
the pile neutron fission of-*“Th arc also included in the figure As can be seen from 
the curve, there is general agreement between the two sets of results, except for 
notable dilfercnccs in the yields of ’^As, '®'’Rh, ''’’Cs and '‘‘“Ba Further, additional 
data were obtained in the present investigation m the trough and heavy wing regions 
The mass-yield curve has the two familiar peaks at mass numbers 90 and 140, each 
having a half-width of about fourteen mass numbers The maximum peak yield is about 
8 per cent and the minimum trough yield is about 0 03 per cent As m the fission of 
uranium and other heavy elements, the position of the heavy peak remains unchanged 
The yield of is only about 40 per cent of that reported by Turkcvkh and 
Niday The yields of '^'’Sn and ^“'’Sn (which were not reported by Turkevic h and 
Niday) are also quite low There is a progressive increase in the yields from mass 
number 105 reaching a maximum around mass number 115 and then there is a de- 
crease in the yields, reaching a minimum at mass number 125 This trend of the yields 
gives rise to a small third peak in the trough region This is also in fair agreement 
with Newson’s calculated mass-yield curve for the fission of 232j}| by 2 8 MeV neu- 
trons**^* as illustrated in Fig 2 The third peak is quite narrow having a half-width ot 
about 17 mass numbers similar to that of the single peak obtained in the 22-Mev 
deuteron fission of and also the central peaks of the three-peaked mass-yield 

"*’ L E Glendenin, MIT Report No 35 (1949) 

'“’A C Wahl, / Inorg Nud CAwn , 6, 263 (1956) 



Fission of by reactor neutrons mass-yield curve 


469 


Table 1 — Fission yields of 



No of deter 

- 

Chain yield 

Yield 

Nuclide 

mmations 

R-\dlne 


'"Th(ii,,/X%) 

”As 

3 

2 83 1 0 14 

0 0083 

0 011 J 0 0006 

sjflr 

3 

8 21 1 0 59 

0 51 

1 92 ± 0 14 

'"Sr 

2 

2 8 1 - 0 to 

5 77 

7 41 '0 27 

“’Sr 

4 

2 55 1: 0 20 

5 81 

6 80 . 0 55 

"Zr 

2 

1 81 10 11 

6 2 

5 15 ) 0 31 

"’Zr 

2 

1 56 u 0 02 

5 9 

4 22 1 0 06 

"Mo 


1 00 

6 06 

2 78 

lOJRU 

3 

Oil L 0 005 

3 0 

0 15 1 0 007 

10. Rh 

2 

0 072 1.0 003 

0 9 

0 030 . 0 0014 

lOORu 

3 

0 23 > 0 012 

0 38 

0 040 L 0 0021 

""IM 

3 

3 7t 1 0 28 

003 

0 051 I 0 004 

i.iAg 

3 

7 7 1. 0 7 

0019 

0 067 ! 0 006 

"MM 

2 

14 1 1 13 

001 

0 065 " 0 006 

o.Ag 

3 

11 65 4 0 85 

0 011 

0 059 0 004 

"■Cd 

4 

11 6 Jz 06 

0 0097 

0 057 4 0 004* 

U.mcj 

4 

16 3 14 3 

0 0007 


"Mn 

2 

10 44 1 1 22 

0 01) 

0 053 0 006 

"’Sn 

2 

8 77 1 0 40 

0 015 

0 060 i; 0 003 

’"Sn 

2 

4 19 L- 0 18 

0015 

0 029 4 0 0012 

’'■"Sn 

1 

2 7 1. 0 27 

0 021 

0 026 .4 0 002 

’"Sb 

4 

1 52 1. 0 07 

0 13 

0 091 + 0 004 

’’’1 

3 

1 22 1- 0 05 

3 1 

1 73 + 0 07 

"'Cs 

2 

I 58 1 0 02 

6 15 

4 46 ‘ 0 06 

’"Ba 

3 

221 'Oil 

5 55 

6 64 -1 0 033 

""Ba 

5 

2 92 -1 0 08 

6 35 

8 50 1 0 23 

’"Ce 

2 

2 86 '0 13 

6 00 

7 87 1 0 36 

’upr 

4 

2 66 1 0 09 

6 00 

7 32 + 0 25 

’’’Ce 

2 

2 88 *; 0 01 

6 00 

7 93 0 03 

’’■Nd 

4 

3 08 1 0 16 

2 7 

3 82 . 0 20 

"“Pm 

1 

1 82 

I 13 

0 945 

’-'Fu 

2 

0 410 ' 0 051 

0 014 

0 0027 ’ 0 0003 

’Total of 

"Fd 0 052 .1 

0 002 and "•'"’Cd 0 0052 

0 0014 



cutvcb in the fission of^'^^Ra by i 1 MeV protons*” and 14 5 and 21 5 MeV dcutcrons *''’ 

I lie area under the third peak is about 0 5 per cent of the total area under the mass- 
vield curve and the ratio of the maximum to minimum yields is about 2 4 

A critieal analysis of the reliability of the yield values in the trough region (mass 
luimbeis 105-125) is necessary to see whether the indicated small third peak is real 
Ot the nuclides investigated in this region, ^°’Rh, ’*’‘*Ru, ’“'■’Pd and **-Pdt have simple 
ikcay schemes The fission yields of these nuclides are therefore free from any uncer- 
I unties arising from their decay schemes The other nuclides ”^Ag, '’'*Ag, ’'^'Cd, ^^‘In, 
'Sn, *“'Sn and ^“Sn have complicated decay schemes and/or existence of isometric 
uaks Of these, ^^^Ag, *^^Ag and ^^'’Cd arc foimcd almost completely by the decay of 
''>■11 short-lived parents Since these nuclides are neai the end of their respective 
' '-uy chains, the uncertainties, if any, in the fission yields of these mass numbers will 

I he /^-vdlue obtained for "'‘Ag was about 20 per cent lower than that obtained for ’“Pd The 
on fni this IS not known 
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be negligibly low All the tin isotopes of our interest here exhibit nuclear isomerism 
From the reported decay schemes’-®' and yields for *®®U(nth, it is clear that 

'■'■Sn represents almost the total chain yield, while and represent only 
about 10 per cent and 60 per cent respectively of their total chain yields, the 
test being accounted for, presumably, by the isomers Since it was not possible 
to determine the yields of '^si'Sn and '-''"'Sn due to their short half-hves (40 mm 
and 9 5 min respectively), the yields of these mass numbers have some uncer- 
tainties The independent yield of '^''Sn calculated on the basis of equal charge 
displacement hypothesis is only about I 2 per cent and less than 1 per cent (0 06 per 
cent, V ^ 3 or 0 01 per cent, v ~ 2) of the total chain yield m and “■'Th fission 
lespectively This indicates that ^^•’Sn is formed almost completely by the beta decay 
of the unknown '®^ln and the same fraction of the total activity, decided by the branch- 
ing of the indium nuclide, is measured in both cases and hence the error in the R- 
Vciluc IS expected to be low In the case of '^'Sn, the fractional chain yield, calculated 
111 the same way, is about 5 per cent (? — 3) or 2 per cent (v ^ 2) in ’^^-Th fission 
compared to about 1 1 per cent in ‘■'''’U fission Taking the two extreme cases of the 
independently-formed tin forming entirely as '-^'"Sn or ^^^Sn, our result for the yield 
of mass number 125 using the value 0 021 for the chain yield of 125 m fission 
will be higher by about 8 10 per cent or lower by 3-5 per cent than the actual value 
The /?-value obtained from ^’'’Sb activity is actually a little lower than that obtained 
fiorn '-’’Sn activity This may be due to the very low counting rates of '^'Sb, particu- 
larly in the samples obtained from thorium fission Reference should be made here 
to the recent suggestion of Wahl and co-workers*'® that in low energy fission, 
fifty-proton fragment formation is favoured If this is the case, the equal charge 
displacement hypothesis is not valid in the symmetric fission region, and the errors in 
the values of tin nuclides could be much larger (or even smaller) than mentioned above 
However, this eflect makes the yields of the nuclides of elements from rhodium to 
indium inoie secure from the errors due to the dilTerences in the independent yields m 
iiianium and thorium fissions, as these nuclides are then preferentially formed by the 
dcc,ty of precursors far removed fiom them (forty-two-proton molybdenum etc m 
mamum lission and forty-proton /iieonium etc in thorium fission) 

From the above considerations, the third peak m the mass-yield curve may be 
'aken to be real, although one would like to have data free from the uncertainties 
mentioned earlier This triple-peaked mass distribution is one of the few such cases 
iv-portcd so far Fairhai l and Jlnsln were the first to obtain a triple-peaked mass- 
vivld curve in the fission of ^-"Ra by 11 MeV protons This was followed by their 
’hseivation of a triple-peaked mass-distribution in the 14 5 and 21 5 MeV deuteron 
'■^sion of ■'“'’Ra*’’ Fission of ^-•'Ra by 20 and 30 MeV helium ions, how'ever, was 
'ound to give the more usual double-peaked curves Fairiiall explained his results 
"n the basis of the two-mode fission hypothesis, first suggested by Turkevich and 
\iiMv<’*k the triple-peaked curve resulting from the superposition of a double-peaked 
> as due to asymmetric fission, and a narrow single-peaked one, similar in shape and 
•’dth to that obtained in the 22 MeV deuteron fission of -®®Bi,*®’ due to symmetric 
' '"imi The non-existence of a third peak in the helium-ion induced fission of--'’Ra 

' F ‘'n iNBiRti and L h CLENULfiiK, Pioceedin^^ of ihe International Cvnjcrence <m the Peaceful 
* 'I ' (>/ Atomic Cner^y, Geneva 1956, Vol 7, P/614 United Nations (1957) 

t Wahl R L FerCfUSOn, D R NpriiAWAY, D F TROuiNERandK Woli-sderg,P/ivi Rev 
'76, 1112 (1962) 
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was then attributed to a sharp difference between the fission of thorium compound 
nuclei and actinium compound nuclei If the triple-peaked curve in the present 
case IS the result of superposition of symmetric and asymmetric curves, it provides 
additional evidence for the validity of this hypothesis in the heavy element region 
However, it is not clear why in the work of Cobbu and co-workers the hclium-ion in- 
duced fission of only should show such a distribution but not^'*®U and 
Similarly, it is not clear why the fission of other heavy nuclei by particles m the 
encigy range of 30 40 docs not yield three-peaked mass distribution It appears 

that a clear understanding as to whether the triplc-peakcd mass distribution is due to 
superposition of the two modes or it is inheient in the fission of a nucleus under a 
set of conditions of /, 4 and E*, has to await a more thorough investigation, particularly 
111 the heavy clement region It must be added here that the variation of the number of 
neutrons emitted as a function of the fragment mass, with its sharp discontinuity at 
half the mass numbci of the compound nucleus, as observed by Whetstone in the 
spontaneous fission of -ncfiMi factors responsible for the third 

peak observed in thorium fission 

4<kii(>Htcdi;eineiit\ - The authors aic indebted to Dr Ci A WtLCii for his keen interest in the work 
and for his helpful ciiticisms, to Professois A W Fairuah.N Suoarman and A C Wahl for their 
helpful comments and suggestions for the preparation of this paper and to Professor H W Nlwson 
for his interest in the work The> arc also thankful to Mr M N Namboodiri for his help 

L* stands lor the excitation energy of the compound nucleus 

R A Giass, R J Carr, J W Gobble and G T SFABORCf, P/p'r Rev 104,434 (1956) 

S I WiinsroNi, P/oi Rev 114,581(1959) 
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a-ANNEALING OF NUCLEAR RECOIL ATOMS 

P N Dimotakis and M I Stamouli 
C hemistry Division, Nuclear Research Centre Democritus, Athens, Greece 

(Received 10 September 1962, in revised form 22 October 1962) 

\bstract The eOect of a-particle bombardment on the retention phenomena in a neutron irradiated 
i.obalt complex was examined a-Particles were produced in the solid system from the ot)‘Li 

reaction, occurring m mixturesof thecomplex with boric acid or ammonium hydrogen tetraborate An 
increase in the retention of ““Co in these mixtures was observed, depending on the dose of recoil 
/-particles and i atoms (from 10 to 83 Mrads) The kinetics of the isothermal annealing of these 
niixliires weic also examined 


Thi: annealing of nuclear recoil damage tn solid materials was first reported by 
Win lAMS**^* who noticed that the specific activity of radioactive antimony pioduced 
by the reactor irradiation of ammonium fluoantimonate and antimony pentafluoride 
decreased with increasing time of irradiation Williams ascribed this decrease in 
initially separable antimony atoms to an increase in retention with time of irradiation 
Radiation annealing was also observed on exposing these neutron irradiated sub- 
stances to ionizing radiation 

Thermal annealing was subsequently found by Grlln and Maddock'^^ in potas- 
sium chromate — the retention of ^’‘Cr m this salt could be increased by heating the 
iicutron-irradiatcd crystals Radiation and especially thermal annealing have since 
been observed m many systems 

Photo-annealing in neutron irradiated phosphates was recently reported by 
CiAKiDGH and Maddock*®’ who used a mercury-vapour lamp giving a high dose of 
ultia-violct photons 

Radiation annealing can also be achieved by X-rays and fJ-particlcs Because of 
the low penetration of /^-particles the mateiial to be irradiated must be prepared in 
Ihm layers 

No annealing by a-particles has yet been reported These particles are easily 
■ibsorbed in the surface of a solid mateiial due to their extremely high specific loni- 

/ It ion 

In order to examine the a-particlc effect on the recoil phenomena in neutron irradi- 
ii'-d material, we have used an a-particIc producing nuclear reaction, taking place m 
'I'v solid system 

1 he a^Li reaction was chosen as suitable This can be arranged by mixing 
i boron compound with the material and subjecting the whole system to neutron 
' idiation 

^ K Williams, / Phys Colloid Chem 52,603(1948) 

* ' ! CiRLEN and A G Maddock, Nature, Land 164 , 788 (1949) 

' C Claridge and A G MAVOoc^i, SympoMiim on Cliemnal Effects of Nuclear Tramform- 

"('iiis, IAEA, Prague, October (1960) 
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I XPhRIMINTAL AND RLSULTS 


(a) Mateiials 

The material lo be e\aniiiK\l was liiscilulLnediainme eohall(lll) nitrate [C(i(en)j] (NOa)^ wIiilIi 
was prepartil tiom iL'i^eiits ol inalstieal puiitv using tlio piuccdiire of J B WoRk‘*’ The boron 
compounds wcit hoiii. .il/J and hydrogen .minionuini leliabo/ate NHj/YBjO, 4HsO, boili 

of anaIvtiLdI puiit\ 

( h ) Sample pi epai a non 

The Lob.ill compiss boron eontpound nnstuics ncrc prepared cither by mixing and grinding or by 
preparing a pellet ol the (mcly powileied niiseel eonsliliicnls under a pressuie e)l 270 atni feir 5 min 
after a vacuum had been applied lor about 10 mrn 

(e) Inailiatnm 

The samples weie iiiadiated m pol)thenc tubes at the I LA reactor at Saelay CbA in a thermal 
ncution flus I 10'“ n/ein- see lor 2 and ^ 25 hours and 12 10" n/cm- see for 21 hours 

(d) Method oj analysis 

I he lonie eobalt-60 and the '’"Co in the lorm of the parent complex were separated by an ion ex- 
change teehniejue A Dowex-50 8 100/200 mesh catieni exchange resin was used An irradiated 
sample of 1-2 mg was dissolved in water and some complex and ionic cobalt earner were added The 
solution was passed through the column (2 5 cm long and 0 8 cm dia ) and both ions [Co(cn),]’+ 
and Co-' were absorbed in (he upper part of the column The ionic cobal' was first eluted by hydro- 
chloric acid solution (1 2 N), the eluant being collected in a volumetric flask of 50 ml Then the com- 
plex was eluted by concentrated hydroehloiic acid (1 1) and the eluant again collected in a 50 ml 
volumetric flask The two volumctiic flasks weie filled up to the mark with water and the radioactivity 
of the two separated constituents was measured by means of a single channel pulse-height analyser 
(Phillips) 

(e) tnergy imparted to the cry stalhne complex due to the ‘“Bfr;, a)'L i nuclear leaclion 

The energy Q ol the exoergic nuclear reaction ‘'’B(n, ot)'Li is 2 793 MeV A proportion of 94 per 
cent of the reactions leaves the 'Ll nucleus in an excited slate of 0 47 MeV above the ground stale 
followed by a y-transitioii''*’ Thus the energy given to the products in the form of kinetic energy is 
2 791 - 0 47 2 323 MeV and, taking into consideration the 6 per cent portion which gives the 

products 2 793 MeV, we can assume a mean value of 2 35 MeV imparted to the a-particle and ’Li 
atom 'I he distribution of this kinetic energy is 2 35 4/11 0 854 MeV for the ’Ll and 2 35 

7/11 1 496 MeV for the a-particle Using these data and assuming that the whole of the kinetic 

energy is deposited in the crystals, the dose was calculated Thus for pellets containing 0 015 g boric 
acid and 0 285 g of the cobalt complex, an inlcgiated thermal neutron flux of 7 2 10" neutrons/cm- 

gavc a dose of 9 83 Mrads In the same way all the other mixtures have been calculated 

(f) Initial retention 

The results for the initial retention of neutron irradiated samples are presented for three sets of 
experiments in Tables 1, 2 and 3 

(g) hothermal annealing of neutron irradiated samples 

All the reactor irradiated samples, mixtures or complex alone, either in a pellet form or in powder 
have been examined as far as their isothermal annealing is concerned 

Samples were heated at various temperatures in a thermostatically controlled oven ( _L0 5"C) 

Fig 1 shows the isothermal annealing of the complex irradiated in a neutron flux of 10" neutron/ 
cm“ sec for 2 hr in a pellet form Figure 2 shows the isothermal annealing of a mixture of (19 1) 

Inorganic Syntheses, \o\ 2, W C Fernelius, McGraw-Hill, New York (1946) 

G C Hanna, PAyr Rev 80,530 (1950) 
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Table 1 

<1> i 10“ neutrons/cm* sec, time = 2 hr 


Sample 

Dose 

Retention R( 0 ) (%) 

(Mrads) 

Pellet Powder 

Complex 

0 

40 1 37 8 

Complex ' lMH4HB4f), 

10 

50 5 ^ 

Complex 1 HjBOj 

10 

43 4 41 4 


Table 2 


'h =12^10“ nculrons/cm- sec, time — 21 hr 

Sample 

Dose 

(Mrads) 

Retention R( 0 ) (%) 
Pellet 

Complex 

0 

63 4 

Complex + NHjHBjO, 

83 

67 3 

Complex -1 HjBOj 

83 

58 2 


Table 3 


<I> 10“ neutrons/cm'* see, time 

- 3 25' hr 

Sample 

Dose 

(Mrads) 

Retention R( 0 ) (%) 
Pellet 

Complex 

0 

50 7 

Complex -|- NH4HB4O7 

107 

56 2 

Complex 1 NH4HB4O, 

21 4 

65 8 

Complex ^ NHjHBiO, 

32 1 

55 5 

Complex 1 NH,HB40, 

42 8 

52 5 

Complex 1 NH4HB4O7 

642 

54 7 



• I tsolhcimal annealing of neutron irradiated [CoCcn),] (NOj), in a pellet form 
Integrated flux 7 2 x lO*-* neutrons/cm^ 
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Fic, 2 -Isothermal annealing of neutron irradiated mixture of (19 1) eomplcx-tctraborate 
in a pellet lorm Integrated flux 7 2 ' 10'* ncutrons/cm- a, ’Ll dose -^10 Mrads 


eomplex-tetraborate ratio in the same flux which gave 10 Mrads due to the (n, v) reaction of '“B 
Also in Lig 3 the isothermal annealing of a mixture of (19 1) eomplex-boric acid ratio (~10 Mrads) 
IS presented Figures 4 and 5 show the isothermal annealing in a powder form ol the complex and in a 
mixture with boric acid (10 Mrads) respectively 

In each case powder and pellet, the complex and the mixtures, with the exception of pellet with 
H 3 BO 3 , follow Maddock’s law 

^R. = C|T S (Lig 6 ) 

The isothermal annealing ot the complex and mixtures (29 I) with tetraborate and bone acid in a 
high dose condition ( — 83 Mrads from the (w, ot) reaction) and in a flux of 1 2 ■' 10" ncutrons/cm" sec 
are shown in 1-igs 7, 8 , 9 respectively The same A/(, vs 1 //'relation is found as can be seen from Fig 
10 

Isothermal annealing was also earned out on all the samples with dilTcrcnt amount of tetraborate, 
thus giving 10 7, 21 4, 32 I, 42 8 and 64 2 Mrads doses 



Fig 3 — Isothermal annealing of neutron irradiated mixture of (19 1) complex-boric 
acid in a pellet form Integrated flux 7 2 x 10" ncutrons/cm" a, ’Li dose ~10 Mrads 
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■ TIM£ (HOUfIS) 

Flo 5 —Isothermal annealing of neutron irradiated mixture of (19 1) complex-boric 
acid in a powder form Integrated flux 7 2 - 10" neutrons/cm' a, ’Lidose ~10 Mrads 
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1 i(. 7 IsdlhLi nijl aniiLaling of neutron irradiated [Co(cn)jl (NO,), in pellet form 
Inlcgiated flux 9 07 10'^ ncutrons/ein-' 



I’Ui 8 Isotheimal annealing of neutron irradiatcil mixture of (29 I) complex-tetra- 
borate in a pellet lorm Integrated flux 9 07 10“ ncutrons/cm“ r>, ’Li dose ~81 Mrads 



Fig 9 — Isothermal annealing of neutron irradiated mixture of (29 1) complex-boric 
acid m a pellet form Integrated flux 9 07 x 10“ neutrons/cm“ a, ’Lidose — 83 Mrads 
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Flo 10 — AR, plot versus I/F for 9 07 10'^ 

neutrons/cni" irradiated samples 

DISCUSSION 

Initial retention 

The pellet preparation under pressure aimed at bringing into close contact the 
inierocrystals of the complex and the tetraboiate salt or the boric acid which were used 
as the souice of internal a-irradiation of the complex For comparison samples were 
also iiradiatcd in powder form with boric acid 

The results of Fable 1 show the dilTerence in initial retentions, these being 40 1 and 
37 8 pci cent respectively, of the pure complex in a pellet and in a powder foim The 
(.liHerencc is due to the fact that, in the case of the powder some recoil atoms of ''“Co 
may leave the lattice of the microcrystals and lose the chance of being annealed after- 
w.iids This state of allairs is of negligible importance in the case of pellets In a 
imvliirc with bone acid (-^10 Mrads) m pellet and powder form, the retention was 
iiici eased by the same amount, that is -- 3 3 and 3 6 per cent respectively In a 
mistuie with tetraborate salt (10 Mrads) the increase was \R^ - 10 4 per cent 

In the case of extended neutron irradiation (Table 2) where the amount of tetra- 
boiale salt or boric acid gave a high dose (^83 Mrads) the retention of the pure com- 
pks was 63 4 while the tetraboiate mixture gave 67 3 and the boric acid mixture 58 2 
pti cent This cannot be explained easily unless under these high doses radiolytic 
phenomena occui as well as some capture of recoil cobalt atoms into the various 
nvstallinc lattices of the two boron compounds This phenomenon may depend on 
thi parameters of these lattices 

In the third irradiation with 10 7, 21 4. 32 I. 42 8 and 64 2 Mrads dose from 
1' 'i iboiate salt, variation of initial retention with the dose was observed The highest 
" I ' V ith 21 4 Mrads and the lowest with 42 8 Mrads (Table 4) 

I he ionizing radiation, concurrent with the neutron 11 ux isapproximatelyO 5 Mrads 
1 ' hour (El -3 reactoi), thus giving various increases of the letention, depending on 
'nne of irradiation (Table 1. 2, 3) 

hv plotting the values i e the increase of letention versus the dose of a-par- 
' ‘ ‘'lul liihiuni-7 atoms (Fig 1 1), using data fiom the third irradiation (Table 3), 
' 'C with a maximum at 21 4 Mrads and a minimum at 42 8 Mrads is obtained 
1 he observed cases of increase of retention in the presence of the boron compounds 
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nculioii lluv 

R(<)) 

y, 'Ll Duse 


Sample 

Ralio 

(neutions/cin-) 

Co) 

(Mi ads) 

(%) 

t .Mil 

pkv 


7 2 

10'* 

40 1 

0 

0 

C onipltv 

IlI lahoi 

19 1 

72 

10'* 

SO S 

10 

104 

t IMliplLS 

- 

9 07 

lO” 

bt 4 

0 

0 

t cMllpltS 

Icliaboi 

29 1 

9 07 

10'- 

07 ) 


4 9 

t (Mil 

plL\ 


1 17 

10* 

SO 7 

0 

0 

t oiiipics 

Ictraboi 

29 1 

1 17 

10' 

S6 2 

10 7 

5 5 

( IMliplsS 

tell iboi 

14 1 

1 17 

10" 

6S S 

21 4 

15 1 

t omplcx 

lelrabor 

9 1 

1 17 

10" 

55 5 

42 1 

48 

t <Mlipl<. \ 

Iclrahor 

6 S 1 

1 17 

10" 

52 5 

42 S 

1 8 

( IMIipIcS ' 

tetiabor 

4 1 

1 17 

10* ■ 

S4 7 

64 2 

40 



a, Li dost* (M r<ids} ^ 

Fu» 1 1 plot versus y, 'Ll dose for the thud set ol irradiaiion 

show that the (//, y) reaction in taking place during the production ofthciecoil 
phenomena imparts to the lattice of the complex enough energy to recombine an 
appreciable propoition of the recoil cobalt atoms 

We have calculated the range into the solid complex of or-particlcs having the 
kinetic energy from the above reaction and it was found to be 4-5 /i 

There is no doubt that the energy of this nuclear reaction decreases the recombin- 
ation activation eneigy of the recoil cobalt atoms through the same fundamenLil 
phenomena as m radiation and thermal annealing 

Isothermal annealing 

All the samples which were isothcrmally annealed showed the usual kinetics of i 
first order reaction plus a zero order slow linear annealing By comparing the A A’ 

G Frildlander and J Kennedy Nuclear and Radiorheniistry J Wiley, New York (1955) 
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\alues a decrease in the a, ’Li annealed samples is always observed. This might be 
explained either on the basis of the radiolytic action of the a, ^Li internal radiation or 
by a kind of capture by the boron compound lattice of the recoil cobalt atoms which 
have travelled very far within the solid material and consequently arc annealed at 
higher temperatures The difference between the results in bone acid and tetraborate 
mixtures might be due to the different parameters of their crystalline lattices. Thus, 
recoil cobalt atoms passing through different boron compounds may be captured by 
them or the recombination conditions may change according to the nature of those 
ciystal lattices 

General conclusion 

The a-particle producing nuclear reaction a)’Li seems to increase the re- 

tention of the recoil cobalt atoms to a considerable extent It is intended to apply the 
same reaction to various systems especially to those in which radiolytic phenomena 
arc less pronounced 

ickiiowlccli^einenl —The authors are indebted to Dr A G Maddock, University Chemical Laboratory, 
Cambridge, England for helpful dicsussion, to Mr D Marketos for helping in bibliography and 
to Miss M Vassu aki for counting the samples 
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RESIDUE ADSORPTION— I 

SEPARATION OF STRONTIUM-90 AND YTTRIUM-90 

H W Kirbv 

Mound Laboratory,* Monsanto Research Corporation, Miamisburg, Ohio 
(Retewed 20 Aiii;uil 1962 ) 

Vbstract — A new separation technique is presented, based on the tendency of the hydrolysed species 
of certain elements to become adsorbed on any available surface 

To separate strontium-90 and yttrium-90, a dilute acid solution of the radioelements is evaporated 
lo diyncss, and the residue is covered with dilute ammonium hydroxide The solution is evaporated 
lo dryness, and the residue is washed with distilled water Yttrium-90 remains adsorbed by the 
siiifjec, while strontium-90 is separated in the distilled water 

The adsorption of yttriuin-90 is independent of the nature of the surface, being nearly quantitative 
on Icflon, glass, stainless steel, tantalum, gold and platinum The classical (hreundlich) isotherm is 
lollowcd in the presence of yttrium earner 

The degree of separation (i e , the fraction of the strontiurn-90 remaining with the yttnum-90) is 
dependent upon the drying temperature and probably upon the nature of the surface 

Yttrium-90 of any desired degree of purity can be prepared with negligible loss by repeated dis- 
solution, hydrolysis and washing 

The method is applicable to the determination of total rare earths in the picogram range 

This paper presents a new separation technique based on the tendency of many 
elements to be adsorbed, under certain conditions, on any available surface such as 
the walls of a container 

This phenomenon, sometimes eironeously called “radiocolloidal” adsorption is 
not limited to radioactive elements noi even to trace concentrations of hydrolysable 
species, although the high sensitivity of radiometric methods has greatly extended the 
knver limits at which adsorption studies can be carried out 

For example, a common observation in precipitations from homogeneous phase 
IS the strong tendency of slowly forming piccipitates to be adsorbed by the walls of 
beakers It has, in fact, been suggested by H H Willard*^* that an appropriate 
goal would be to make this tendency quantitative, so that the mother liquor could be 
ponied off without hitration and the precipitate w-cighcd in the reaction vessel 

In the method to be described, strontium-90 and yttrium-90 arc deposited on a 
Hit plate evaporated to dryness, and conveited to hydroxides The hydroxides are 
S' iporated to dryness and washed with water Yttnum-90 remains adsorbed nearly 
'Piantitatively, while stiontium-90 is separated with the wash watei The separation 
' nalLpcndent of the nature of the surface 

fhe separation of 28 year strontium-90 and its 64 hr daughter, yttrium-90, has 
' ' n accomplished by carrier precipitation,*-” “radiocolloid” filtration,*^ ” electrolytic 

Mi’iincl Laboratory is opciated by Monsanto Rcscaith Corporation for the U S Atomic Energy 
' iinisMon under Contract No AT-f.t-l-Of N-5d 

' faiKDON, M L Salutsky and tl H Wiu aro. Pin i/>i/oli«ii /i«»i Mniiogciicoin .SoNlion p 11 
' Alky, New York (1959) 

i *"aKooN, Private communication (June, !96l) 

' I bAtorsKYandH W Kiruy, Analtl Chent 27, 567(I9S5) 

48 J 
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deposition/*’’ liquid-liquid extraction/"’ anion exchange/®’ cation exchange/®^®’ and 
paper chromatography 

Tn addition to these selected examples, numerous studies of the behaviour of the 
rare earth and alkaline earth elements offer the analyst a wide choice of methods from 
which separations appropriate to his specific needs can be adapted 

Thus, there is no scarcity of methods for the separation of strontium-90 and 
yttrium-9(), and it is not the purpose of this paper merely to add to the list The stron- 
tium-90/ytti ium-90 system was selected as a convenient vehicle for the investigation 
of some of the parameters of the method of residue absorption, which appears to be 
applicable to rare earth-alkaline earth separations in general and probably to other 
separations involving elements having significantly different hydrolytic tendencies 

Preliminaiy obsenations 

A solution of strontium-90/yttrium-90 had been obtained from Oak Ridge 
National Laboratory several years prior to the beginning of this work, and all of the 
solution had evaporated during the intervening years The bottle was leaehed with 
distilled water until further leaching recovered no additional radioactivity 

A sample of the solution was /l-countcd The counting rate increased rapidly 
over a period of several days, indicating that the yttrium-90 had not been recovered 
from the original stock bottle 

After a period of several months, the water solution of strontium-90 was again 
sampled and /^-counted Although the yttrium-90 should have been in secular equili- 
brium by virtue of its short half-life, the /l-counting rate of the sample increased for 
several days before atttaining a constant value, indicating that most of the newly 
formed yttnum-90 was being adsorbed on the sides of the storage vessel 

Concentiated acid was added to make the solution approximately one normal in 
nitric acid The counting rate of the acidified solution immediately increased to twice 
Its original value and remained stable thereafter 

Concurrently, it was observed that, if a solution of protactinium-23 1 and its decay 
products (actinuini-227, thonum-227, and radium-223) was evaporated to dryness 
on a flat plate, most of the radium-223 could be desorbed with distilled water, but 
dilute acid was required to remove actimum-227 Desorption of thorium-227 could 
usually be accomplished with hot 8N HNO,, but the addition of a trace of hydrofluoric 
acid was sometimes necessary for quantitative removal. Recovery of protactinium 
from the residue required leaching with a mixture of nitric and hydrofluoric acids 

G K ScHWLiT?iR, B R Stlin and W M Jackson, J Amer Cheni Soc 75, 793 (1953) 

J D Kurbatov, and M H Kurbatov, 7 Phys Chem 46,441 (1942) 

G LanciL, G Herrmann and F Strassmann, 7 Inori; Nucl Cheni 4,146 (1957) 

”'N P Rudenko, Z/i Neor^ Khun SSSR 4,220(1959) 

S Misumi and T Taketatsu, > Inorg Null Chem 20,127 (1961) 

"" E V Marathe, y Sci Indiiilr Research {India) 14 B, 15^ {\955) 

1’“’ I J Gal and O S Gal, Proccedint^s of the Second International Conference on Peaceful Uses oj 
Atomic Energy, Geneva 28, 24 (1958) 

<“> P C Stein,' Analyt Chem 34, 348 (1962) 

D N Sunderman and C W Towniey, The Radiochemistry of Barium, Calcium and Strontium 
Natl Acad Sciences-Natl Research Council Report NAS-NS 3010 (1960) 

113 ) p f;; Stevenson and W E Nlrvik, The Radiochemisiry of the Rare Earths, Scandium, Yltriun 
and Actinium Natl Acad Sciences-Natl Research Council Report NAS-NS 3020 (1961) 
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Further work with actinium-227, thorium-227, and radiuin-223 in the absence of 
protactinium-231 confirmed the quantitative differences in the adsorptive tendencies 
of the three radioelements and showed that lcad-211 (a short-lived decay product of 
iadium-223) was adsorbed as tenaciously as thorium-227 

Neither the four-component protactinium chain, nor the three-component actin- 
ium chain, because of the complexity of their analytical problems, lend themselves 
\^cll to a systematic investigation ot the separation technique The strontium-90/ 
vUiium-90 system, chemically analogous to radium-223/actmium-227 and barium- 
1 40/lanthanum- 140, was therefore selected for this initial study of the method of 
separation by residue adsorption 

hjitipiiieni and leagenls 

1 he strontium-90 solution described in the previous section was diluted w iih one normal nitric acid 
i<) provide a convenient counting rate A 250 //I sample of the diluted stock solution contained, by 
absolute beta counting, 0 867 fic of beta activity, or approximately three nanograms of strontium-90 
and 0 8 pg ot yttiium-90 

/I'-brcinsstrahlung counting of strontium-90 and yltriuni-90 was done with a Nuclear Measure- 
ments Corporation PHA-ICA single channel scanning spectrometer equipped with a sodium iodide 
(ihallium-aclivated) crystal, 2 in in diameter and ^ in thick The face ot the crystal was covered with 
0 001 in aluminium In this instrument, the gross /f-brcmssirahlung counting-rate of the platinum- 
backed standard sample was 8 7 ^ 10' counts per min, uncorrected for coincidence AboveO 61 MeV, 
ihe gross counting-rate was 2 5 10' counts per min 

I vaporations were carried out on a Precision hot plate equipped with a stepless bimetal thermore- 
gulalor Surface temperatures up to 200 C were determined, for each type of backing material, with 
Tcmpilstik or Tempilaq melting point compounds (Tempil Coiporaiion, 132 West 22nd Street, New 
Vork 1 1, New York) Higher temperatures were supplied by a muffle furnace with a direct reading 
tcmperaluie indicator 

Surface rugosity was measured with a mechanical proftlomeler (Micrometrical Mfg Co , Ann 
Vrbor. Michigan) which reported the average depth of surface imperfections in microinches 

Ml reagents, except yttrium earner, were ol analytical grade, and were used as received without 
liii ihtr purification The yttrium oxide (99 ; "„Y..Oj) was prepared and analysed spcctrographically 
bv Y G Ishida of this Laboratory 

Plastic retaining rings on glass and metal siiifaces were prcpaied by spraying the surfaces, except 
lor a circulai masked area 15 mm in diameter, with Krylon Crystal Clear Spray Coaling, a mixture of 
n’tilixl and n-butyl methacrylate polymers dissolved in volatile aromatic hydrocarbons and propelled 
llimnnalcd hydrocarbons (Krylon, Incorporated Norristown, Pcnnsylxama) 
fiansfer pipettes were made from commercial medicine droppers whose tips were diawn down to 
‘ipcnings approximately 0 5 mm in diameter 

Siliclad, a silicone coating (C lay-Adams, Incorporated. 141 Last 25th Sired, New York 10, New 
' "ik) was used to coal the insides and tips of micropi|xns, eliminating the need for rinsing 

hXPLRIMTNTAL 
"/'/(' pi I paralion and sepai alion pi in edm c\ 

r<> provide uniform surface conditions, ail experimental samples (except as noted in mdixidual 
wcie prepared identically rvaporatioiisandotherhealingweredt90 C( 3 C). except as noted 
1 lie backing malciial was cleaned by agitating lor 5 oi 10 nun in an alcoholic solution of piitassiuin 
'iioxide The surface was rinsed Ihoioughly with distilled water and dried wiili absorbent paper 
3 methacrylate retaining ring was provided by masking the surface with an inverted glass vial, 
mm in diameter, and spraying the exposed area with Krylon coating The retaining ring w.is 
' 'hd in the experiments with Teflon 

f'le masking vial was removed, and the spray coating was allowed to dry ihoioughly in air The 
' I We was rinsed with distilled water, the excess water was shaken oti, and the sample disk was dried 
ht. ihcrmostatically controlled hot plate 
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The hot plate was adjusted with reference to the surface temperatures of glass. Teflon, or stainless 
steel, depending upon the material to be tested Stainless steel blanks (0 025 in thick) were used as 
temperature references for all metals and for Teflon him mounted on stainless steel backings The 
surface tcmperatuic was taken to be the .average of the rated melting points of two Tempilstiks, one 
molten, the other solid at the slated temperature 

1 he open (i e , uncoalcd) area of the sample disk was covered with 0 25 ml of IN HNOj and heated 
for 5 min The .icid was rinsed awa) with distilled water, the excess water was shaken off, and the 
disk was dried on the liot plate The open area was covered with 250,1/1 of thestrontium-90/yttrium-90 
stock solution, and the solution was evaporated to dryness The residue and the inner edge of the 
retaining ring were covered with 0 5 ml of recently boiled and cooled distilled water, and the solution 
was evaporated to dryness As (he litjuid evaporated, the aqueous solution contracted away from the 
retaining ring, and the evaporation was completed entirely within the open area Heating was 
continued for 5 min after the last visible trace of moisture had evaporated 

The lesiduc was covered with 0 25 ml of the selected reagent, and the solution was evaporated to 
dryness Healing was continued for 5 min alter evaporation was completed 

1 he gross counting rate of the sample above 0 61 MeV was determined duiing a standard 5 min 
counting and cooling period A standard sample o( stiontium-90/ylli ium-90 in secular equilibrium 
and mounted on platinum, stainless steel or glass w.is counted just before or after the experimental 
sample to provide a basis for normal i/ing counting-rates obtained over a period of several days 
Two types of sepaiation proccduie were used 

(A) After being counted, the sample was washed for 60 sec in a stream of distilled water delivered 
by giavily from a storage bottle 6 ft overhead through an oriliee 1 5 millimeters m diameter The 
total volume of water used to wash the sample was 560 ml 

The wash water was disc.irdcd the excess watci was shaken off, and the sample was di icd at 90 C 

(B) After being counted, the sample was leturned to the hot plate, and the residue was covered 
with 0 5 ml of recently boiled and cooled distilled water The solution was healed for 5 min, and the 
remaining liquid (usually about 0 2 ml) was transferred by means of a transfer pipet to a second disk 
of the same material The residue was again covered with 0 5 ml of water, and the healing and transler 
were repealed Both fractions were evaporated to dryness 

Type A sepaiations pei nutted rapid evaluation of many variables while nummi/ing potential 
manipulative errors Type B separations permitted the determination of material balances and 
multistage purifications ol the separated radioisotopes 

When the sample was dry, its /Tbremsstiahlung counting rate above 0 61 MeV was determined 
Differential spectrometry was found to be unsatisfactory for louiine use because ol the inconvenience 
of preparing and maintaining standard samples ol ytlriuin-90 having both adequate counting rales 
and high radio-chemical purity Instead, quantification of strontium-90 and yltrium-90 was accom- 
plished routinely by the method of differential decay,"*’ based on the ytlrium-90 half-lifc of 64 029 
hr''" and the strontium-90 half-life of 28 ycais 

To simplify the ditfcrential decay calculations, the lower discriminator of the spectrometer was set 
on the 0 61 MeV p-photopcak of bismuth-2 14 (radium C), and the ujspcr discriminator was disabled 
Thus, only beta particles and bremsstrahlung due to yttrium-90 were counted 

The spectrum ol an equilibrium mixture of stronlium-90 and yllrium-90 is shown in Fig 1 
Spectra of an equilibrium mixture and of the separated radioisotopes are shown m Fig 2 It is 
evident thatO 61 MeV is well beyond the maximum /J-energy ol slrontium-90, as detected by the sodium 
iodide crystal The more probable maximum energy of the strontium-90 /f-particles and bremsstrah- 
lung IS 0 54 MeV This uncertainly docs not, however, affect the reliability of the differential decay 
calculations, and the use of the higher energy limit insures that no slrontium-90 activity will be 
counted directly 

Nature of the adsorbent surface 

The materials listed in Table 1 were tested to determine the effect of the nature of the substrate on 
the degree of separation All of the surfaces were prepared as described above, except that the Teflon 

(HI H W K.tKBY, Analyt Chem 26,1061(1954) 

(151 w H Sullivan, Trilinear Chart of Nuclides, US A E C , January (1957) 

(loi £) Strominger, J M Hollander and G T Seaborg, Revs Mod Phys 30, 585 (1958) 
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I’MII I 1 AusorI'IION or SIRONT1UM-‘)0 AND YTTRIUM-90 IIVDROXIDIS 
IJIcLt of Siibslrjtc Malcrial 



(Maximum Temperature 90 C) 





Sepn 


Retained 

Separation' 

Numbv 1 

Subslialc 

type 

""Si 

00 Y 

factor 

281-G 

Soda-lime glass 

A 

18 1 

95 3 

5 3 

241 

Soda-lime glass 

B 

9 7 

98 7 

10 2 

281-11 

Boiosilicatc glass (Pyrex) 

A 

19 0 

96 4 

5 1 

269 

Borosilicatc glass (Pyicx) 

B 

18 5 

94 1 

5 1 

252 

Polyletrafiiioroeth) lenc (lelfon) 

B 

23 8 

96 4 

4 1 

281 -I 

Tcllon him on stainless 

A 

1 7 

63 9 

37 6 

2*55 

fcllon film on stainless 

B 

10 7 

74 6 

70 

256 

leflon him on stainless 

B 

4 1 

94 2 

23 0 

281-\ 

Stainless steel 

A 

7 9 

96 4 

12 2 

2ty 

Stainless steel 

B 

27 7 

98 2 

3 5 

259 

Stainless steel 

B 

11 9 

99 2 

8 3 

281-1 

Gold 

A 

3 6 

94 2 

26 2 

281-D 

Ciold-plaled stainless 

A 

2 9 

83 3 

28 7 

240 

Gold-plated stainless 

B 

2 1 

99 1 

47 2 

294- B 

Gold-plated stainless 

B 

40 

99 9 

25 0 

281-B 

Tantalum (Annealed, dull) 

A 

10 5 

95 9 

9 1 

258 

Tantalum (Annealed, dull) 

B 

27 6 

99 2 

3 6 

281-C 

Tantalum (tJnannealed, bright) 

A 

12 9 

95 7 

74 

250- U 

Platinum 

A 

14 0 

98 5 

70 

251 

Platinum 

B 

92 

96 8 

105 


• Sepdralion factor - 


film Cemented to d ctainless steel baetting was cleaned with ethyl alcohol instead of alcoholic potassium 
hydroxide In each case, the ‘ selected reagent” consisted of 0 2 ml of previously boiled and cooled 
distilled water and one drop (0 05 ml) of concentiated ammonium hydroxide (This mixture is 
referred to hereafter as 2M NHiOH ) 

No significant differences were observed in the results obtained by the two separation methods 
Except for two Teflon surfaces and one gold surface, over 90 per cent of the yttrium-90 was retained 
regardless of the nature of the surface matciial or of the type of separation 

All surfaces adsorbed significantly less slrontium-90 than yttrium-90 Although the degree of 
separation varied widely even among similar surfaces, the percentage ofyttrium-90 retained by the 
washed surface was at least 3 5 times as great as the percentage of slrontium-90 

Effect of tempetature and deuccalion 

The same procedures were used to study the effect on lime glass, stainless steel, gold and platinum 
of exposure to various temperatures For experiments at 90 C or above, samples were counted bclorc 
the addition of 2M NH 4 OH to the dried residue 

After the ammonium hydroxide solution had evaporated to dryness, the sample was heated for an 
additional hvc minutes at 90 'C, then transferred to a second hot plate or to a muffle furnace pre- 
viously set at a higher temperature After 5 min at the elevated temperature, the sample was returned 
to the 90 ' hot plate for 5 min of temperature equilibration before type B separations were carried out 
For type A separations, samples were cooled to room temperature for at least five minutes bcfoic 
being washed 

Four separations of type A were earned out on platinum at temperatures below 90''C Modi- 
fications were made in the standard waiting periods between reagent additions to compensate for the 
slower evaporation rates Since evaporation of 0 5 ml of water at 55"C required 65 min (vs 12 mm 
at90'C), heating was continued for 30 min instead of the usual five Evaporations at room temperature 
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(27 28 C) were usually carried out overnight since 0 5 ml of HjO required 4^ hr for complete evapo- 
ration Drying of two of the three room temperature samples was completed in an evacuated bell jar 
in the presence of anhydrous magnesium perchlorate 

All materials tested retained yttrium-90 essentially quantitatively at 90 C and above The adsorp- 
tion of strontium-90 increased with increasing temperature, but the temperature at which this increase 
bi,came significant was different for different materials 

Table 2 — Adsorption of strontium-90 and 
vttrium-90 hydroxides on platinum 

Ehect or temperature 


Maximum 



Separation 

temperature 

"i Retained 

Number 

type 

( C) 

•“Sr 

»0Y 

297-A 

A 

28 

26 

69 0 

298- A* 

A 

28 

20 

71 9 

298-Bt 

A 

28 

3 3 

81 0 

297-B 

A 

55 

88 

90 7 

250-B 

A 

90 

140 

98 5 

251 

B 

90 

92 

96 8 

280-19 

A 

200 

82 

99 7 

253-1 

B 

300 

126 

99 9 

253-3; 

B 

400 

50 0 

99 8 

280-17 

A 

500 

64 I 

95 1 

253-2; 

B 

500 

75 7 

1003 

280-18 

A 

1000 

79 7 

98 4 


• Vacuum desiccated 1 hr 
t Vacuum desiccated 19 hr 

i Plastic retaining ring burned off and surface became 
very hydrophilic Wiishing was carried out with two 0 25 
ml portions of HjO instead of standard 0 5 ml portions 

I imc glass and stainless steel showed increased retention of strontmm-OO at 150 C, but the re- 
Icnlion of strontium-90 by gold and platinum did not increase sigiiificanlly between 90 and 300 C 
The results for platinum over the range 28 to 1000 C are given in Table 2 Evapoiation at room 
kniperaturo resulted in lower retention of yttriuin-90, but the retention was significantly enhanced 
by vacuum desiccation The highest separation factor achieved (relative retention of yttrium-90 and 
slronlium-90) was 36 3 lor a sample which was vacuum desiccated for I hr at room temperature, but 
liie ylUiuin-90 yield was only 719 per cent A yield of 81 0 per cent and a separation factor of 24 9 
"as louiid for a sample which was vacuum desiccated at room temperature for 19 hr 

I Ijcct of she residual anion 

Seven volatile and five non-volatilc reagents (Tables 3 and 4, respectively) were studied with 
I'l itiiuim at a maximum temperature of 90 C Separation type A was used throughout 

file total amounts of strontiurn-90 and yttrium-90 m the carrier-free residue were approximately 
’ 10 “ and 1 X 10 " mmole, respectively Nevertheless, the concentration of the added reagent 

's significant, even for the volatile reagents Furthermore, when the residue from an acid reagent was 
' 'vvred with distilled water and re-cvaporaled, the retention of yttrium-90 was enhanced, suggesting 
'I residual acid had been redissolved and volatilized 
I here was no consistency among the several reagents in the relationship between concentration 
' ' 1 per cent adsorption With hydrofluoric acid, an increase in concentration resulted in increased 
' "ipiion of both strontium-90 and yttrium-90, but the reverse was true for hydrochloric, nitric and 
"i icciic acids 

I be results with NHjHCOj, which decomposes at about 60 C to yield NH, and CO,, were the 
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^ Mil I 1 Adsorpiion ot stroniium-90 and yttrium-90 on 
RI MINUM A1 90 C 



Li 1 1 ( i oi voi Aiii L 

HI AOhNlS 


Niinihci 

llcagcnt 

Relaincd 

tniy 

Separation 

factor 

2“i0-A 

H,() 

1 6 

57 0 

35 6 

2K^-20* 

(1 M HNO,) . 2H,<) 

0 5 

44 5 

89 0 

27S-6* 

(6 M lit 1) . 2H_(> 

2 1 

14 7 

64 

t0t-2t 

0 01 M Nil, OH 

10 S 

87 1 

8 3 

lOt-24 

0 1 M NH.OH 

110 

96 1 

7 4 

2*10-11 

2 M NH,OH 

140 

98 5 

7 0 

291-27 

0001 M Nil, net). 

1 4 

61 3 

45 2 

291-26 

0 1 M NH.HCO, 

9 9 

89 3 

9 0 

250-D 

0 01 M 111 

7 4 

29 3 

40 

277-1 1 

0 1 M HI 

144 

71 6 

50 

27H-15 

1 M IIL 

19 6 

64 9 

1 3 

277-9 

0 02 M HNOj 

1 0 

25 6 

25 6 

257-D 

1 M UNO, 

0 7 

15 1 

21 6 

278-11 

0 01 M HCI 

20 

108 

5 4 

257-C 

1 M HCI 

4 5 

42 

0 9 

274-1 

6 M HCI 

1 4 

7 0 

2 I 

102-9 

0 1 M CHjCOOH 

82 

52 8 

6 5 

278-14 

0 15 M CHjCOOH 

15 7 

29 2 

1 9 

257-F 

1 5 M CH,C OOH 

07 

86 

12 3 


* Afier evaporalion lo dryness, the acid residue was covered with 
0 5 ml HjO and di icd, covered again wiih 0 5 ml HjO, dried and washed 


Tmiii 4 Adsori’i ION oi strontium-90 and ytikium-90 on 
HI ATINUM AT 90 C 


LiILII oi NON-VOI ATIl r RTAt.tNlS 


Number 

Reagent 

Retained 
”'’Sr “"Y 

Sc pa ration 
laclor 

250-E 

0 001 M NHjH.PO, 

19 2 

60 7 

3 2 

277-12 

0 01 M NHjH.PO, 

6 8 

68 5 

10 1 

104-25* 

(0 1 M NH,H,PO,) ’ 2H,0 

0 2 

4 7 

22 0 

281-30 

0 01 M NaOH 

4 7 

50 4 

10 7 

281-29 

0 1 M NaOH 

1 4 

49 0 

15 0 

291-28 

1 VI NaOH 

08 

0 7 

0 9 

250-C 

0 001 M (COOH), 

27 8 

46 2 

1 7 

277-10 

0 01 M (COOH), 

1 2 

12 4 

10 3 

250-r 

0 001 M (NH,),S 04 

1 5 

22 0 

14 7 

278-16 

0 01 M (NH,)„S04 

04 

4 8 

32 

283-22 

0 000001 M Na.CDTA 

100 

51 8 

5 2 

283-23 

0 00001 M NaoFDTA 

12 3 

45 9 

3 7 

285-1 

0 00002 M Na ,CDTA 

1 8 

14 4 

19 1 

285-25 

0 00005 M Na.EDTA 

45 

4 5 

1 0 

283-24 

0 0001 M Na.EDTA 

22 

1 2 

0 5 


* After evaporation to dryness, the phosphate residue was covered with 
0 5 ml H.O and dried, covered again with 0 5 ml H^O, dried and washed 
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(inly ones comparable in yltrium-90 yield to those with NHjOH The presence of carbonate ion did 
not significantly change the degree of strontium-90 retention Because of the vigorous evolution of 
C Oj and the consequent danger of spattering, it was not feasible to test NHiHCO, at concentrations 
ibove 0 1 molar 

Separations factors less than unity were obtained at some HCI concentrations, but were not 
itproduciblc J n all such cases, yields of stronlium-90 and yttriuni-90 were below lO per cent, and the 
low ratios were probably fortuitous 

Increasing concentrations of non-volatile reagents in general gave lower yields of yttrium-90 
With the disodium salt of ethylene diamine tctra-acctic acid (NaiEDTA), desorption of yttrium-90 
w.is nearly quantitative when the total amount of Na^EDTA was approximately I 25 / lO ■'millimole 

I xcept with ammonium dihydrogen phosphate, the highest yttrium-90 yield achieved with non- 
\ol.itile reagents was lower than that with distilled water 



pH 
Fig 5 

/ //«'< ! of pH 

Standardized ammonium hydioxide and acetic acid were mixed in various proportions to provide 
(I 05 and 0 25 molai ammonium acetate containing excess acid or base and 0 I molar acetic acia 
w nlaining various concentiations of ammonium acetate Procedure A was followed throughout 
fig 1 shows the percentage of yttriiim-90 adsorbed on platinum at 90 C as a function of the initial 
I’ll Results lor thiec concentrations of ammonium hydroxide are included lor comparison 

In general increasing the initial pH resulted in higher retention ol yltrium-90, but an increase in 
‘ ill concentration at a given pH inhibited the adsorption Strontiuni-90 retention (not shown) 
s iMcd.ioi reagentscontaimngammonium acctate,fiomO 2 percentat pH 6 7 to 6 5 percent at pH 9 1 
" II h sepaiation factors ol 207 and 13, respectively In pure ammonium hydioxide, the strontium-90 
uicrilion increased from 10 5 to 14 0 per cent with increasing pH 

I //i<f I)/ (ijiiR'i ailclilions 

Stiontium-90/yttiiuni-90 aliquots were mounted on platinum and evaporated to dryness Stron- 
11111 ind/or yttrium nitrate carriei in 1 M HNO, was added, and the solution was again evapcirated to 
iivncss rile residue was covered with 0 5 ml of water, and Procedure A was followed, with 2 M 
^■1 lit)l I as the selected reagent 

"5 logarithmic plot of the amount of yttrium adsorbed versus the amount added (Fig 4) yielded an 
I'Isoi pi ion isotherm which was linear with up to 25 /'gof added yttrium The maximum retention of 
' III Him was approximately 12 /ig with 25, 50 and 100 /ig added However, yttrium retention dropped 
' ’ II ply when larger amounts were added Only I 6//g of yttrium was retained when one milligram 
' I VitiiLim was added 

5tldition ol strontium carrier alone oi in combination w'lth yttrium carrier had, in general, an 
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inhibiting effect on the retention of yttrium However, the effect of strontium addition on strontium 
retention was ambiguous and, within experimental limits, appeared to be random (Table 5) 

The addition of strontium had approximately the same effect as the addition of sodium (Cf 
Table 4) 



LOG MICROGRAMS YTTRIUM 
ADDED 
Tio 4 


Surface rugosity ami area 

With earner-free strontium-90/yttrium-90, there was a significant dillcrcncc between the adsorp- 
tivity of mill-finished or mechanically bulfed blight platinum and platinum which had been hand- 
polished with abiasives to a dull finish The dull suifacc retained more yttrium-90 than did the bright 
surface, when the same reagent was tested on both by procedure A (Table 6) 

However, when 100 /ig of yttrium was added to the earner-free samples, approximately the same 
amount of yttrium was retained by both the bright and the dull platinum surfaces Similar tests on 
other surfaces indicated that the apparent surface area was more significant than the rugosity in 
determining the amount of yttriuiit that could be adsorbed (Table 7) 

Beaker ami crucible sepal ations 

A sample of ""Sr/Y®" was evaporated to dryness in a one-milliliter Pyrex beaker, and 0 25 ml of 
2 M NHjOH was added The solution was evaporated to dryness, and 0 25 milliliter of 10 * N HNOi 
was added This solution was evaporated to dryness The beaker was leached three times with 0 25 
ml milliliter portions of previously boiled and cooled distilled water, heated for 2 min before each 
transfer All three leach solutions were deposited on a single stainless steel disk and evaporated to 
dryness 

The beaker was leached twice with 0 25 ml portions of hot 1 M HNO,, and the solutions were 
transferred to a second stainless steel disk The distribution of ’"Sr and ’“Y was as follows 



’"Sr 

90Y 


{%) 

(7o) 

Leached with HjO 

48 8 

4 1 

Leached with 1 N HNOj 

53 7 

96 3 


Totals 102 5 

100 4 
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TaBIL 5 - ~ ADSORPI ion Ot strontium and yttrium HYDROXIDLS ON HRJC.IIT 

PLATINUM AT 90 C 
LiILTI Oh CARRILR ADDITIONS 


Carrier added 


Rclaintd 


O'g) 


Number 

Sr 

Y 

Sr{"„) 

299-1 


1000 

0 02 

299-2 


500 

0 12 

299-3 


250 

0 33 

301-35 

100 

250 

0 49 

299-4 


100 

1 5 

299-5 


50 

20 

299-6 


25 

5 5 

299-7 


10 

3 5 

299-8 


5 

50 

299-9 


2 5 

9 0 

299-31 


2 5 

11 9 

301-2 

100 

2 5 

15 7 

299-30 


1 5 

79 

299 10 


1 0 

10 8 

299-29 


0 5 

8 8 

299-32 


0 25 

16 3 

301-3 

100 

0 25 

5 8 

299-26 


0 1 

44 

299-27 


001 

5 5 

299-28 


0 001 

5 2 

301-34 

1000 


02 

301-33 

250 


1 2 

301-1 

100 


3 3 

301-32 

50 


10 2 

501-4 

10 


160 

301-5 

1 


1 3 

301-6 

0 1 


30 

301-7 

001 


2 5 

301-8 



4 6 


Separation 


br 0 <g) 

Y(%) 

YOig) 

factor 


0 16 

1 6 

69 


0 13 

06 

1 1 


1 7 

42 

5 0 

0 49 

10 5 

26 3 

21 6 


11 5 

11 5 

74 


23 5 

11 8 

11 7 


49 1 

12 3 

90 


41 0 

4 1 

119 


45 5 

2 3 

92 


35 3 

09 

3 9 


45 7 

1 1 

3 9 

15 7 

32 2 

0 8 

2 1 


47 9 

07 

6 1 


43 4 

04 

40 


47 7 

0 3 

6 6 


46 4 

0 1 

2 8 

58 

50 8 

0 1 

88 


75 3 

0 08 

17 3 


93 4 

0 009 

170 


94 0 

0 0009 

18 2 

1 8 

32 3 


180 

30 

68 6 


57 8 

3 3 

65 9 


20 0 

5 1 

83 9 


8 2 

1 6 

81 2 


5 1 

0 01 

84 8 


66 5 

0 003 

87 1 


29 5 

0 0003 

84 1 


33 1 


91 6 


19 8 


Table 6 — Adsorption ot strontium-90 and 
yt'irium-90 on pi atinum AT 90 C 

EtULT OI SURtACl IIMSH 


Retained 


Number 

Finish 

Reagent 

“"Sr 

soy 

250-A 

Bright 

HjO 

1 6 

57 0 

292-21 

Dull 

HjO 

7 9 

84 5 

293-27 

Bright 

0 001 M NH 4 HCO 3 

1 4 

63 3 

292-2 

Dull 

0 001 M NH 4 HCO 4 

12 3 

85 8 

293-26 

Bright 

0 1 M NH 4 HCO, 

9 9 

89 3 

292-1 

Dull 

0 1 M NH4HC03 

9 9 

93 2 
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Tabii 7- -Yttrium rttaintd by various surfacls 
(Yttrium added 100 /ig. Reagent- 2 M NH,OH) 




Apparent 

Y 





aiea 

Retained 

Relative 

Relative 

Numbci 

Surface 

(em-) 

(//g/em=) 

retention 

rugosity 

fOO-A 

Soda-lime glass 

1 8 

6 4 

1 0 

1 0 

299-4 

Blight platinum 

1 8 

6 5 

1 0 

2 9 

"lOb-dR 

Dull platinum 

1 8 

6 9 

1 1 

5 0 

lOO-B 

Teflon him 

04 

9 3 

1 5 

2 9 

^00-t 

Stainless steel 

I 8 

11 6 

1 8 

1 2 

fOO-D 

Stainless steel 

4 9 

11 4 

1 8 

1 2 


Similar results were obtained when the scpaiation was repeated in 5 ml Pyies beakers, ineluding 
one whieh v\as eoated internally with Siliclad Lxpenmentation indicated that the loss ofstronttum-90 
resulted Irom the thermal giadicnt between the top and the bottom of the beaker 

To test this conelusion sepaiations were cairied out in a soft glass vial (coated internally with 
Sihclad), a stainless steel trueible, and a platinum crucible All three vessels were placed in a drilled 
aluminium block which was set on the hot plate The tempeiature was measuicd with Tempilaq in a 
glass vial heated in the same block 

Aliquots of the strontium-90/yttrium-90 solution were transferred to the three jacketed vessels and 
evaporated to dryness at 90 C One-half millilitre of previously boiled and i ooled distilled water and 
one drop of concentrated ammonium hydroxide was added to each diy vessel, and the solutions wcic 
evaporated to dryness One-hall millilitre ol 10 ^ N UNO, was added tit each diy vessel, and the 
solutions were evapenated ovcimght at 90 C f ach vessel was leached with two 0 5 ml portions of 
previously boiled and cooled distilled water, which were heated tor five minutes .it 90 before being 
transferred to stainless steel disks The vessels were then washed with two 0 5 ml portions of 0 01 M 
HNO3, also heated lor 5 min before transfer to second stainless steel disks 1 he results showed 
separations compaiable to tlmsc obtained (>n flat disks (Table 8) 

Table 8 — Sii’araiion or srRONriuM-90 and yttrium-OO hvoroxidfs in 

JMKIIIIJ laASS, STAINt FSS SFFFI, AND PI ATINUM VFSSFI S 


Leached with 
Leached with H,0 OOIMHNO, 


Number 

Vessel 


voY("J 

'’"SiC;) 

""Yc;) 

272-1 

Glass vial 

82 5 

3 2 

16 0 

91 1 

272-2 

Stainless crucible 

90 8 

7 7 

4 1 

96 1 

272-3 

Platinum crucible 

88 5 

7 9 

7 1 

88 1 


Cleaning and masknr^ 

The cleaning and masking steps used m the experimental procedures were adopted to provide 
uniformity of experimental conditions It was of interest to determine the extent to which these steps 
contributed to the results obtained 

A stainless steel disk was cleaned with acetone and benzene until no grease or gum was visible 
The customary cleaning with alcoholic KOH, the plastic retaining ring, and the preliminary treatment 
with hot 1 M HNO3 were omitted 

A 250 /d aliquot of Sr'VV”" in 1 M HNO3 covered an area approximately 25 millimeters in 
diameter instead of the usual 15 mm defined by the retaining ring When the hydroxide treatment 
was completed and the residue leached with distilled water by separation procedure B, it was possible 
to heat for only 2 mm instead of the usual five because of the relatively rapid evaporation from the 
larger surface area 
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Ncvci Iheless, the residue retained 96 3 percent of lheyllniini-90aiid 14 ^ per cent of the stroniiu in- 
to indieating that neither the cleaning solutions noi the methacrylate ring were necessary lor the 
s;. pal alum cveept for then intended purposes 

rill iluiitioii oj >, 11 0111111)1-90 ami \l>rmiii-90 

Although the hydioside residues were washed with 560 ml of watei in pioceduie \ and wiih I ml 
III pioecdure U, the icstilts were comparable No further improvement in puiity could be espeeted 
liom additional washing with w'ater Howevci, both fiaetions could be purilied by redissoliition m 
niliic acid lollowed by liydroxide metathesis and water leaching 

A platmum-elad stainless steel disk was cleaned with ehstillcd water and acetone, then masked and 
^piaved with methaciylate as usual The slrontium-90/ytti ium-90 mixture in 1 M HNC), was trans- 
kiicd to the disk, evaporated to diyness, coveied with 2 M NH lOH, and dried at 90 C The residue 
u IS Ic.iehed with thicc 0 25 ml portions of hot distilled water, the leaehmgs being transferred to a 
>ccond disk 

I he I csidiie on the first disk was covered with 0 25 ml of 0 I M HNf), evaporated to drvness, 
covered with 2 M NII|OH, diied and leached as belore The ieaehings wete Iransfericd to a third 

disk 

The redissolution, hydroxide treatment and leaching with water were repealed, and the Ieaehings 
li insleiicd to a fourth disk 

finally, the lesiduc was redissoivcd, treated with hydroxide, dried and leached with tlnee 0 25 ml 
poilions ol 10 ' M lINt),, the Ieaehings being transferred to a fifth disk 

1 he lesults below were computed by differential spec trcime try, based on the assumption that the 
original lesiduc ol yttrium-hO was Ircc of stiontium-90 after font successive separations 


Fraction 

“■'SrC’J 

f>«Y( ^ ) 

First H,0 

96 7 

0 9 

Second H.O 

5 0 

I 3 

T bird H .() 

04 

I 6 

lO ‘ M HNO, 

0 I5 

4 6 

Original disk (lesiJual) 

0 0* 

90 6 

Totals 

102 2 

98 9 


Assumed 


Pui iln .ition ol the slronlium-90 fi act ion can be accomplished m a simil.ir mannci The stiemtium- 
‘Hl i> le idilv t anstei ic'd Irtim one disk to the next leasing behind 90 per cent or nioie ol any vttriLim-90 
,'ie\ .ously tianslei led oi produced by decay Howevci since vttruim-90 glows iniliallv at the lale of 
ippioxiiiidtely 0 I per cent in 5 rnin deconianiinalion ol the slromuini-90 much hclow ihat order of 
I ' i'’nnikle IS impi aelieal 

''Uhiilii MS of cliliiiulc icMilucs 

th the reagents listed in Table 5, the most erieelive in inhibiting the adsorption ot \tiriiini-90 was 
“vilniehloi le acid at all conecnlratums To lest the pennanenee of this clleel an alkjuot ol the 
' ontiiim-90/yiirium-90 stock solution was evaporated lc> dryness on a platinum disk and the rcsi- 
s euvered with 6 M HCl The solution was evaporated to diyness and the residue eoseicd w ith 2 M 
1 1 i<ll I The solution was evaporated to diyness, and the icsidue was leached tw ice w ith 0 5 ml ot 
' I'uisly boiled and cooled distilled watei as in procedure B 

I he siiontiuiTi-90 fraction contained 2 I per cent ol the yltniim-90 and the yttruim-90 fi.ielioii 
> niied 3 9 per cent of the slrontium-90 


' oilli>i;iuphv 

' ' ilnjiioi of the stronlium-90/ylti ium-90 stock solution was mounted lUi each ol twci gold- 
T si,unltss steel disks 
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Uolh samples woiL (.ariicJ Ihrounh the standard piocediirc with 2 M NHjOH, except that only 
one 1)1 I he samples was Icaehed with walei by proeedure B Tlie other sample was letaincd as a 
stand ml 

T he three disks we ic atiloiadiogiaphed tin llfoid X-ray film ( Pig 5), and their beta-breinsstrahlung 
spettia were leeorded ( f ig 2) 

1 htie was a distinct ditleienee in the disliibution tif the \tlrium-90 and strontium-90 hydioxides 
\V he leas the unse paratexl mixluic eiwcred the entire open aiea 1 1 5 mm in diameter) ol the geld surlaee, 
the sti ()iiiium-90 eoneenti ateel .it the edge ol the plastic in a ring ^ mm thick, while the yttrium-90 
eoveied an aiea approximately 10 mm in diameter in the center of the gold surface 

DISCUSSION AND CONCLUSIONS 

It seems evident from the foregoing experimental results that the sepaiation of 
y(tnum-9() and strontiiim-90 hydroxides is based on qualitative difTercnces in chemical 
behaviotir rathei than on quantitative or kinetic diHcrenees 

The neaily identical adsoiption of yttrium-OO hydroxide by substrates of widely 
differing ehemical compositions (Table 1) is chaiactcristic of physisorption, which is 
always non-specific*''* 

Slrontiiim-90 adsorption, on the other hand, ranged from an average of 2 9 per 
cent on gold to 18 8 per cent on Pyrex Although the strontium-90 results were erratic 
(extremes of I 7 and 23 8 per cent on Teflon), they indicate that the nature of the 
substrate is significant and, hence, that the mechanism of strontium-90 adsorption 
probably diflcis from that of yttnum-90 in kind as well as magnitude 

The same conclusion can be derived from the results obtained at different tempera- 
tures (Table 2) Yttnum-90 adsorption was nearly independent of temperature over 
the range 28' C-1000"C 1 he low value (69 0 per cent) found at 28 'C can be attributed 
to the presence of a film of adsorbed moisture, as shown by the substantial increase 
in adsorption under the influence of prolonged vacuum desiccation Strontium-90 
adsorption was a function of both substrate and temperature, again indicating 
chemisorption 

Nearly all precious metal surfaces were readily decontaminated with hot 6 N HCI 
after the methacrylate ring had been lemoved with acetone However, for complete 
removal of beta activity from surfaces which had been heated above 90 C, brief expo- 
sure to aqua regia was necessary One platinum disk which had been heated to lOOO ’C 
retained 0 6 per cent of the original activity (subsequently identified as strontiuin-90) 
even after the surface was deeply etched with aqua regia This observation supports 
the conclusion that strontium-90 retention is due to the formation of a surface 
chemical compound or solid solution 

Finally, autoradiography showed striking differences in the drying patterns of the 
two radioelcmcnts (Fig 5) The estimated area covered by the yttrium-90 was only 
about twice as great as that covered by the strontium-90, yet the per cent retention by 
the gold surface was twenty-five times as high for yttrium-90 as for strontium-90 

There is, apparently, no synergic effect and, from the standpoint of yttrium-90 
yield, the presence of strontium-90 is almost irrelevant The addition of relativel) 
massive amounts of strontium carrier had some effect on the degree of adsorption ol 
yttrium-90 (Table 5), but this can be ascribed to the fact that the dried strontium 
hydroxide acted as a water-soluble substrate for deposition and subsequent desorptio.i 
of yttrium-90 


”” S J GrlgCi, The Surface Chemistry of Solids Reinhold, New York (1961) 
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The data on the effect of residual anions (Tables 3 and 4) arc somewhat more 
equivocal, particularly with regard to the non-volatile reagents, where the presence of 
a water-soluble residue with a relatively high specific surface would inhibit retention 
by the permanent substrate 

In general, however, the data suggest that yttrium-90 is not adsorbed as a simple 
cation but as a molecule or coordination compound, and both the nature and concen- 
tration of the residual anion exert a significant influence 

Bfi LONi e! a/,<^*** working with lanthanides under equilibrium conditions, have 
assumed that adsorption of cations is due to the electrostatic attraction of a primary 
layer of adsorbed anions, and that the effect of pH is explained by competitive adsorp- 
iionof H+ ions While the present work is not strictly comparable because of the 
nonequilibrium conditions, there seems no reason to prefer a second-order ionic 
mechanism to a first order adsorption of undissociatcd molecules 

The degree of adsorption of yttrium-90 is at least a qualitative function of the 
solubility of the yttrium salt Those reagents which are commonly used in the precipi- 
tation and gravimetric determination of yttrium also significantly enhance the retention 
of yttrium-90 platinum 

Quantitative data relating to the solubilities of yttrium fluoride, carbonate, and 
phosphate are unavailable, but the solubility product of yttrium oxalate is reported 
as 5 34 10”^® and that of yttrium hydroxide as 5 2 < ]o - 22120 ) Since the adsorp- 

tion of these compounds is in reverse order, the hydroxide retention being approxi- 
mately twice that of the oxalate, there is evidently no simple relationship between the 
solubility of macroscopic amounts of yttrium salts and their adsorption More prob- 
ably, the role of the precipitant lies in producing a molecular aggregate of suitable 
crystal structure, dimensions and charge 

Ihe difference between the effects of nitric and hydrochloric acids is striking 
(Table 3) Both yttrium nitrate and yttrium chloride are highly soluble compounds, 
yet the adsorption of yttrium-90 from a nitrate residue was significantly higher than 
that from a chloride residue This difference was magnified by repeated redissolution 
ind evaporation with water 

Adsorption is an exothermic process,^*'* and it is possible that partial pyrolysis of 
Ihe Y(NO,lj bHjO, even at the moderate temperature of 90°C. results in the formation 
of basic yttrium nitrate, YCNOglg Y(OH), dHp <“'* 

Undci equilibrium conditions, adsorption increases with pH, reaching a maximum 
■" a pH value, usually between three and six, which is characteristic of the radio 
< Lment ^t) 5 ^,)^ maximum was found in the present work, instead, as in ultra- 

hfiialion, the adsorption of yttrium-90 continued to increase with pH until nearly 
‘I'lantitative adsorption was attained (Fig 3) 

The pH results are particularly interesting with regard to the difference in the 
■I orption from 0 05 and 0 25 molar ammonium acetate The rapid convergence of 
' V two pH curves suggests that yttrium hydroxide forms instantaneously to the 

I BiiioNi, M HaJssinsky and H N Salama, y Phys C/iem 63,881(1959) 

M tnBUSH, K RowLtY and L Gordon, /(W yr Chew 30,1610 (1958) 

I Mot iiiR and H E Krimi rs, C/ient Rev 37, 97(1945) 

t '^ICKLH.Y. Chewiitry 0 / Ihe Laiitimnom, P 279 Academic Press, New York (1953) 

' ' SiARiR. Naiik Prow SSSR 4,448 (1959) 

' Bm oNi-CoiLFR, Doctoral Thesis, Facult6 des Sciences de PUniversite de Pans (1961) 
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exteru nf the free hydrowi ion .n.nl.iblo m the originni solution, and is redissnlo, 
only slowly hv the free .Ketie aeid lesiilling fiom the tlicrnial decomposition ofarnm , 
mum aL>,tate I his behaMoui tends to eonliim tlic assumption that yttrmm-90 is a ‘ 
soibed as a moleeiile lalhei than as a ealion allraeleif clectiostalically to a primai 
/avei ol at/soibed amons 

T he jd'^c'rption Dl'vriiium h\dro\ide as a Amelion ol the ytti lum ioncentuiliou 
obeys the F reu/ul/ieli isot/ierm o\era wide range, fiom S 10 '//g (earner-rree “"V) 
to 2‘i //g o/ lota/ ycinuin (Fig -4) The slight devi.ifion lioni hncjiity at the uirner- 
Iree end of the isotherm is probably attribut.ible to the presence of an indefermnidte 
amount of /iiconium-9(), the stable end product of strontium-90/yttiium-90 decay 
The crystalline ariangcment of yttrium hydioxide is such that each yttrium atom 
Is suriounded by nine liydroxyl gioups, whose nearest approach to each other is 
2 7S A II It IS assumed that each yttiium atom occupies the peak of a pyramid 
whose base consists of thiee hydroxyl gioups. the maximum amount of yttrium which 
can be held in a monolayei on a suiface .irea of I 75 cm- is 0 8 //g This is the same 
order of magnitude as the yltiium letained w'lth OS and I 0 mg of total yttrium 
(I able 5) 

The maximum amount of .idsorbed yttrium lound experimentally was 12 3 //g, or 
appioxirnately fifteen times as gieat .is that of the hypothetical monolayer The 
adsoiptivc piocess cannot, however, be consideied merely the stacking of fifteen 
monolayers held by piogrcssively weaker van dcr Waals forces This would require 
that the amount of adsorbed yttiium reach a maximum value and remain at that 
level despite any lurthei mcicasc in yttrium concentiation As seen in Fig 4, yttrium 
adsorption, while tending to reach a constant saturation level, dropped sharply when 
the total yttrium exceeded 100 //g 

Decontamination of ytlrium-9I deposited on painted surfaces was found by 
Chanolik and Sin i hi kc.'-’’* to be a function of micelle concentration For each of 
two soap solutions decontammalion began at or near the critical micelle conccn- 
tratioid”'’’ and increased rapidly with micellar concentration up to two oi three times 
the critical value Decontamination was independent of surface tension The authois 
suggested that decontamination resulted from competition between the micellar 
mteiface and the original surface 

By analogy with the concept of the critical micelle concentration the shaip 
decrease m the amount of yttrium adsoiption may reflect the existence of a critical 
precipitate concentration, in this case 0004 M yttrium (100 /<g in 0 25 ml of 2 M 
NH,OH), at which point the intermolecular forces of the yttrium hydroxide aggregate 
would counterbalance the weakly polar forces tending to bond all but the first 
monolayer to the substrate 

This interpretation is supported by the results in Tables 6 and 7 Surface rugosity 
was a significant factor in the adsorption of carrier-free yttrium-90, but at the 100 gg 
level there was no correlation between rugosity and adsorption, suggesting that the 
micelles were too laige to be aflected by the increase in real surface due to microscopic 
imperfections in the substrate 

R W G WYCHOti, Cry ua/ lures, Vol 2, Chap 5, p 25a (supplement) Intcrsciencc, New 
York (1957) 

R C Chandler and W E Shelbero, 2 Cof/aic/ Science 10, 393 (1955) 

(jfti j yy Me Bain, Co/Iok/ S cience, p 251 Heath (1950) 
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Iluis, desorption of yttrium hydroxide, or its failure to be adsorbed at levels 
eicater than the entieal concentration, does not imply solubilization but the reverse, 
namely, incipient precipitation 

(he linear portion of the adsorption isotherm has an interesting analytical appli- 
(.alum Kurbatov and Kurbatov*-'^’, m a study of the adsorption of barium by 
kinc hydroxide, proposed the use of adsoiption isotherms for the determination of 
stable elements at very low concentrations A similar technique, using residue adsorp- 
iKin instead of filtration, can evidently be applied to concentrations of yttrium m the 
picogram and nanogram range 

A, considerable mystique has grown up aioiind “radiocolloids” since their dis- 
I.OVI.IV by Panl'Iii m 1912, and it has become routine to take precautions against the 
loss of radioactivity by adsorption on the walls of containers 

Tor example, standard solutions ol stiontium-90/ylti iuin-90 are piepaied by the 
IJ S National Bureau of Standards with strontium and yttrium added (9 /ig/ml of 
each) ‘to insure that the .ictivity remains in equilibrium and is not lost to the 
glassware by adsorption” ' Since the solutions aie one normal in hydrochloric acid. 
It seems unlikely from the present work that such adsoiption would occur, or that the 
small amount ol added earner would serve a useful purpose 

The tcim, “radiocolloid”, is itself a misnomer, implying that collmd loi motion at 
vc'iy low concentrations is a unique property of radioelemcnts which is not shared by 
then stable isotopes This misconception arises from two principal souices, dilTer- 
ciices of many ordeis of magnitude m the sensitivity of detection of stable and radio- 
active isotopes and excessive faith m the repoitcd solubility products of slightly 
soluble compounds 

[ he controxcisy**"' as to whether ladiocolloids are true colloids or merely radio- 
active ions adsorbed by impuiitics appears to SrARiK*--* to be of puiely historical 
interest fo this wiitei it appears to be irrelevant 

Nothing in the published literature refutes the concept ol colloid formation as a 
piecuiso! of precipitation or of surface adsoiption as a substitute for and competitor 
with ciystal gtovvth hxcept at levels where the radiation significantly changes the 
composition ol the solvent, the chemistry of stable and radioactive elements is the 
same 

Residue adsorption piovides another technique for studying the mechanism of 
inccipitatusn at levels far below those at which stable isotopes are detectable 

The assistance ot Mrs V A Wursincr m canying out many of live dilterenual 
dec i\ compulations is gralctutly acknowledged 

M II Kurbatov and J D Kurbatov, J Umr ( lum Aor 69, 4t8 ( liJ47 1 
II 11 SLiKURandA Si hwfbi i , A/«/e«Hirv 12, No 7 54 (1954) 

M ItMssiNsRY Ada PInsiochcm (URSS) 3,517(1915) 

I' K Si uwi nzLR and W M Jai kson J (.hem Ldm. 29.511(1951) 
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THE DENSITY OF LIQUID BISMUTH FROM ITS 
MELTING POINT TO ITS NORMAL BOILING POINT 
and AN ESTIMATE OF ITS CRITICAL CONSTANTS* 

J A Cahii I and A D Kirshfnbaum 

Research Institute, Temple Univeisii^ Philadelphia 
(Rictiitil \4June 15 ) 62 ) 

Mistracl The density of liquid bismuth was deteinnned by the immersed sinker method from its 
mclling point 544 5 K to its noimal boiling point 1832 K with a probable error otO 013 t;/cm' The 
dsii'itv vs temperature iclationship may be expressed by the linear equation 

Og/cm' 10 665 1 1 820 10 

wIiLic r IS tn K The density of liquid bismuth IS 10 022 g/cni* at Its melting point and 8 498 g/cm* 
it IIS noi mal boiling point The change in volume on melting was found to be 3 29 per cent of the 
solid volume Molar volumes, atomic volumes and cubical expansion coethcicnts were calculated 
The ciitical constants of bismuth are estimated to be as follows 

r,,„ 4620 460 K 

- 2 60 0 3 g,Jtm' 

At Vol 80 8 em’/gm 

Pri sfN r iiirorinatioii available concerning the density of liquid metals at high tempera- 
lures IS generally confined to relatively narrow tempciature ranges near their melting 
points The determination of densities over the w hole normal liquid range i e . from 
inciting point to boiling point decreases the uncertainties created when one extrapolates 
piesent density data to higher temperatures The reliability gained by the experimental 
detci niination over the entire normal liquid lange is especially necessary to any one 
inteiested in predicting properties between the boiling point and critical point by the 
method recently outlined by Grossh " 

flic density of liquid bismuth has been leported by several investigators (See 
lable 5) who agree within 0 5 per cent of each other over the temperature langc 
investigated However the authors did not feel that a suflicicnt amount of the liquid 
lange between the melting point and boiling point have been covered and therefore 
have iiieasuicd the density of liquid bismuth from its melting point 544 5 K to its 
I oiiing point, 1832’K by the Archimedean method 

hXPHRIMhNTAI 

^/’pmatiis aiul pi ocejiire 

1 Ivc cut bon tube furnace and giaphile apparatus uxed was dcsci ibed previously ' ’’O jhe Arcbi- 
"vilc.iii Method, described previously,'’’*’ was used over the normal whole liquid range Irom the 
1 ii.lt, iig point lo the normal boiling point The maximum pressure bubble method'*’ was used as a 
' Nvck at 630 K (boiling point of Hg) In the Archimedean method the liquid bismuth was refluxed at 

this work was supported by the Nalionat Science toundation under grants 15540 and 18829 
3 V Grossl, / /nnrg Nticl Chem 22.23 (1961) 

3 V Grossf. Paper No 2159, American Rocket Society, Space Flight Report to the Nation 
^cw York (1961) 

3 D Kirshfnbaum, J A Cahill and A V Grossl, J /no/,g Niiil Chem 22,33(1961) 

3 1> Kirsiilnbaum, J A Cahill and A V Crosse, T Inoiip Nud Chem 24,333 (1962) 

3 f) Kirsiii nbaum and J A Cahill, Transactions Quartet ly A S M 55,849 (1962) 
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. 11 . 111 'sphi^iiL piLsMii i. (ill ' 111 in oulci Id n.nio\c all (.nil .ipptd .ind disMilv cd ^.isi.s In tliLsc MLidics 
'.111, loluiiii. dI iIr i.inl^i .1 Mas .ilw.ns i-DiicLUd Idi iIili inal cxpansii'ii lo opi-i aliiig lempoi aliiit. The 
ueiiilil losses ()l die siiikei veie al\i,i\s eoiieeleel hn siiifaee teiisiiin Using Ihe data le'poitcd by 
lliH.MSs'' .Hill Ihi'i i \isii \\.\ ' ' e\U ipol lied to Odvnes/ein .it the esliiii.ileel ei ilie il (einpci .iluie 
I UOO K ) 1 he s III I lee tension eoi 'eel ion \ . II Rd (unn 0 “i pel eenl ol lot il buo)aiiev ( '-Is [;) .it 600 K 

lot) ^ pel eenl ,il I SOO Is 

/ ( . 'y. 1 .// 'lu u ifi/z/g' 

I he leiiijR I .iliiie iiK .isiiie 'iKiils weie obuiined b\ means ol a ealibi ateil eoppei eniistanl.in Ihti - 
moeoiiple (oi lenipei .11 III es heloa 1 S(M) k mil .1 e ihbi lied oplie d pi, I oiiielei loi leiiipei alines .ibme 
1200 Is 

I he p\ioiiieiei a. Is e ilibi lied bv miasm mg the mellmg points ol pl.iliniim (204^ k) and si!\ci 
M2'4 k I .mil die boding poiiils ol le. id (2024 K I and sil\ er ( 2^ 10 k) .'l 760 mm piissnre Ilieiii.tM- 
miim de\ i ilioii ol .mv ol these points \\ is 10 k 

A lempei tinii le.iilmg ol 1X16 I X k .il 760 inm llg piessiiie u.i. obseiveil leilli Ihe opiieal 
ptromelii vihile die hisii.iidi \s.is boiling Tins eo np.nes l.woin.iblv with Ihe best oi most lehahle 
htei .1 Ini e \ .due ol I .S 12 k 

I ml Int (I 

I he bismiilh nseil in these siudies ( I T Itakei Ke.igeiil) has Ihe lollowmg impurilies 100 p |i m 
Sb, “iO p p m , e.ieh ol Ag Ph .mil /n 20 p p m be 10 p p ni In 0 5 p p m As The lem.iimng 
iriipuiilv u.is 220 p p 111 (0022 pel eenl) bismulh oxiile Smee Ihe me.isuiemenis iveie made m 
giaphile eitieibles at elev tied lempeialuics Ihe oxide was rcdueed lo Ihe metal I hereloie the melal 
had .1 pmilv ol 99 972",, l)i 

It hits been rep'ii ted by Rtn i and Bi k(,i>\iii that the solubilitv ol giaphile in liquid bisimidi is 
as follows 


K 

Wl "„C 

1658 

0012 

1681 

OOLS 

1842 

0 024 


Samples weie t.ilieii dining eaeh run .md analysed tor "„( The values lound agieed with those 
icpoittel by Run and Btuonxiii theieloie a eoireetion ol 00044g(em‘ was lequired at the 
boiling point anel pi opoi tionalely lowei eoiieetions at lowei tcmpeiatuics 

Rl SUL IS 

1 he lic|uid density values obtained From the studies show a sti aight line i elation ship 
when plotted against temperature and ate shown in Fig I together with the lesults of 
other investigatois The ei|uation ot Ihe line as determined by the method ot least 
mean squares is 

£)(g/cm'’) 10 665 ^ 11820 10 'r K 0 0ng/cm> 

The values calculated from the above equation are compared with the experimental 
values in Table 1 The liquid density is 10 022 g/cm* at the melting point (544 5'’K) 
and 8 498 g/cm'’ at the boiling point (1832' K) I his is equivalent to a change m liquid 
density with temperature (iIDjdT) of 1 1 820 10 '* g cm K ' 

T Ucx.NLSS, y Aiiiei (hem Sot 43, 1621 (1921) 

•op L Bircumshaw, P/n/ A/ag 3,1286(1927) 

D R Stlu L and G C' Adeance\ in (hemistry Set ie\,\o\ I 8, p 55 AmcricanChemic.il 

Society, Washington, D C (1956) 

O Run and B Berodaiil, 2^ Anori; Chem 106,91 (1919) 
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1 he density ol liquid bismuth from its melting point to its noimal boiling point 
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I Sint: u density of 9 785 ^/cin' c<ileiilatcd fiom X-iay data""' at 293 K and thermal 
expansion cocfheicnts repotted by Cavi and Hoi itovi)"" a \alue of 9 680 ij/cm'’ was 
obtained foi the solid density at the melting point 544 K Sinee the liquid density at 
the melting point is 10 022 g/em', the volume ch.itige on fusion (A//) v) is 3 28 

pel eonl 

Atomw and speeitk volumes were ealeulated for various temperatures using 
smoothed density values from the least squares equation They are summarized in 
I ible 2 togethei vvilh eubieal expansion coefheient values ealeulated fiom the equation 


i(D 

Jf~ 


lID,. 


'heie <//)/(// is the ehaiige ol density with tempciaiure /i is the eubieal expansion 
x'vfh^icnt aiul D ,, is the density at tempeiatuie. T 


ISTlMAlb tab CRniCAl CONSTANTS 

'xlelhods for estimating the critical constants of metals have iceently been dcseribed 
tiRossi" If reliable density data are available the ciitieal density and eiitical 

'' C 1 SRK Apphid Y-ravs (3rd bd ), p 327 MeCiraw-Hill, New Yoik (1940) 

' I ( AVF and L V lloiwovn J Appl P/ivs 31, I 357 (l9ii0) 
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piessuii. iiiciv bi. (.siiniated by use ol the law ol icctilineai diameters Altci natively the 
uilieal lempeiatuie ol metals can be estimated by using entropy of vaporization data 
and appKipg the l.iw ol coiiesponding states By employing these methods the 


r Mil 1 1 

Di sisiis 

Ol 1 lOlUl) 

inSMUTIl 

Teni|Xia(uio 

(XiiMly (g/sm ') 


( K) 

1 sp 

( ale 1 

sp ( ale 

filO 

9 926 

9 921 

0 005 

oto 

9 9 3 3 

9 921 

0 012 

0^0 

9 922 

9 921 

0 001 

770 

9 744 

9 755 

0011 

7, SI 

9 728 

9 742 

0 014 

704 

9 713 

9 727 

0 014 

SOS 

9 686 

9 704 

0018 

S12 

9 684 

9 706 

0 022 

sst 

9 620 

9 622 

0 002 

97 t 

9 S66 

9 563 

0 003 

981 

9 5 30 

9 510 

0 020 

101 1 

9 476 

9 470 

0 006 

1018 

9 480 

9 466 

0 014 

1027 

9 480 

9 457 

0 023 

(006 

9 4 31 

9 4(5 

0 016 

1073 

9 423 

9 402 

0 021 

1415 

8 985 

8 993 

0 008 

149 3 

8 902 

8 901 

0 001 

1526 

8 862 

8 862 

0 000 

1553 

8 806 

8 830 

0 024 

1562 

8 795 

8 8(9 

0 024 

1 625 

8 742 

8 745 

0 003 

1665 

8 709 

8 699 

0010 

1687 

8 688 

8 672 

0016 

1695 

8 662 

8 662 

0 000 

1716 

8 644 

8 637 

0 007 

1730 

8 624 

8 621 

0 003 

1730 

8 599 

8 621 

0 022 



tAlllI 2 

Density, m^icnic voiumi, aiomk voi umi- and 

rOirUfllNl OF FXPANSION Ol IIQUID IJISMUTH 

VOLUMl 

Tcniptraiure 

Density 

Spteifie 

Atomic 

Vol Coef of Pxpan 

( K) 

(g/ern'l 

volume {em’/g) 

volume (em’/g alum) 

li lOUK-') 

544 (m p ) 

100218 

0 09978 

20 85„ 

117 94 

600 

9 956 

0 10044 

20 99a 

118 72 

800 

9 719 

0 10289 

21 5 O 4 

121 62 

1000 

9 48 3 

0 10545 

22 04„ 

124 64 

1200 

9 247 

0 10814 

22 60i 

127 83 

1400 

9 010 

0 11099 

23 19, 

131 19 

1600 

8 774 

0 11397 

23 82„ 

134 72 

1800 

8 537 

0 117(4 

24 48, 

138 46 

1832 (b p ) 

8 500 

0 11765 

24 58, 

139 06 


The density of liquid bismuth from its melting point to its normal boiling point 
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eriUcal temperature of bismuth was calculated to be 4620 l 460 K while the critical 
density and atomic volume were 2 6 ] 0 3 g/cm-* and 80 d: 8 em'/g atm respectively 
Liquid densities above the boiling point calculated from the rectilineal diameter 
and vapor pressure data'^* are tabulated in Table 3 


T ABLE 3 Liquid di nsi i y 

Ol BISMUTH AUOVF ITS 
NORMAI BOILINC: POINT 


Temperature 

Density 

( K) 

(g/cm‘) 

2000 

8 30 

2500 

7 69 

3000 

7 05 

3500 

6 38 

4000 

5 7 

4500 

4 9 


DISCUSSION OF LirbRATURL DATA AND COMPARISON 
WITH THIS WORK 

A complete literature survey of the data on liquid bismuth is given m [able 4 
logether with a comparison of the densities at the melting point and the temperature 


TaBI F 4 — COMPI I IF 1 I IFRAFl RF DA FA ON IMF DFNSI I Y OF 1 IQI II) MISMl IH 
(ARRANC.FD in f MRONOI 0(.l( Al ORI'FR) 


remperature Liquid density 




range ( K) 

at melting point 

tlDlilT 

Method 

Ref- 

Author 

Year 

From To Range 

544 K gem- 

3 K ‘ 

10* used 

erence 

Vi< 1 SUM ,md Omfuii 

1888 

544 

0 

10 004 



18 

■Vl’Ul 

1914 

571-773 

200 

9 99 

6 36 

- 

19 

I’Ll SS 

1915 

555 638 

82 

10 OO 

1 9 

Vrehimcdean 

1 1 







prmeiple 


Hoi.slss 

1921 

593-745 

152 

10 07 

12 s 

U-Tubc 

6 







pic-sure 


Horsfmasn and Sifbf 

1922 

544-1073 

529 

10 030 

1 1 96 

Pyenomeler 

1 5 

Majim \ 

1924 

544 

0 

10 002 

- 


20 

Maii yama 

1929 

548-923 

375 

10 066 

12 70 

Pyenometer 

16 

Jol MM \ 

1932 

558-1350 

792 

10 04 

1 1 S3 

Vrehimcdean 

12 







principle 


111 1 s ( ; „/ 

1950 

571-I21S 

662 

10 09 

1 1 2 


21 

'Yll l/(,FK. 

1959 

1073-1273 

200 

9 99 

1 1 80 

Bubble method 14 

Ill RI/FNSKA 

1960 

573-873 

300 

10012 

12 38 

l^^cnometer 

17 

1 his rtOlll 

1962 

544 1812 

1288 

10 022 

II 82 

Archimedean 

- 







principle 


‘ ' A JOUNIAUX, Bull 

Soc 

Chnn france, 51, 

677 (1932) 





’ M Pluss, Z Anoii- Chem , 93, 1 (1915) 

’ f. Mltzc,lr, Z Phys Chem , 211, 1 (1959) 

K Bornemann and P Sifbe, Z AYt’lat/Aninte, 14, 329 (1922) 

Y Matuyama, 5(1 Rep Tohoko Imp Umr , 1st Scr 18, 19 (1929) 

I Hirlzynska, Z Naturw’is^enschajlen, 47,200 
O Vi( FNriNi and D Omovu, Ain Accad 7(«//i(7 23, 38 (1 888) 

R /ki’v.i. Intent Z Metallographie 5, \42 (\9\4) 

M MIMA, Bull Intern Phys Chem Res Japan 2, 61 (1924) 

S A Bffn, H S Edwards, C E TitriR, Jr and V P Calmns, Report N E PA 1585 
'September 7 (1950) 
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coctlicicnts rhc \ ihn-s .uc aKo ploticil m Hg I I iii-'ti.' is good agieemenl among P 
autliofs Thi.li asiiaiie HKltirig point \aliic' etjiials that foiiiid m (his woik namsi 
10022 g'tni’ l-oui iinlLps ndcnt mslhods wck Lisi.d ic 

(1) /he /\ii-hiiiiL'dc<in piiiKipIc ((Ills uoik, Ioi rmiaiix*'-' and /’iirss"*') 

(2) the L'-tuhe pics'.Liic method (//()(>\/ ss"’') 

( 2 ) the m.iximum bubble picssiiie method (Vfi i/t.i -ind 

(4) the p)enonK'tei iitetbod (litui\iMA\N und Sti lit " M \t u\ A\IA'’*’> aiuf 
lit HI /> \'sk 

I heiL IS some dis.igiecmenl in the (empeiatiiie eoonieients repoitcd by the vaiioiis 
nnesligatoi s (2 0 12 8 10 ') If the values of Pluss Ai’ki and Mti/cait aie 

disiegarded sinee they aie only over veiy shoit tenipeiatiiie langes ( 200 ). there is 

laiily good agreement among the lemaining values (II 52-13 20 10 ') The 

difleienees in tempei<iluie eocllieients aie mainly due to the mcasuiemcnt being made 
ovci lelativcly shoi t tempeiatuic lange (liom 200 to 800 ) The aveiagc of these 
values, 12 28 10 'g/ein ‘ K eemipaies lavoiably with ourvalueof II 82 10 ' 

g/em ' k ' evhtaineet ovet the vvivole nenmal lange (1290 ) 

t< kiton iih iil\ the aullioiswish to ih ink Iti A V (lUnssi loi his 1 1 ml I li 1 sueccstions and to 
Mis I SiKiNi.loi the eai bon an.ily SIS I'l ihe bisimilh s.imples 
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ADDUCTS OF B1S(2,4-PENTANED10N0)-C0PPER (il) WITH 

pyridine bases stability constants and heats 

OF REACTION 

W R May* and M M JoMst 
Dcparlmenl ol Chcmislry, VanJeibill University, Nashville, Tennessee 

( Per/ S y/r/v 1962, iii icinccJ loini 22 Odohei 1962) 

Vbslraet C'o-orilination equilibria involving bis(2 4-pcnlancdiono) copper (II) and eight pyridine 
hasps have esaniined speetrophotoinelrically at 20, t5 and 50 C' The hc.ils of reaction, m benrene 
sokiiip'ii lor these same systems have also been detei mined in a solution calorimeter I he complexes 
lormcd are lelatively weak ones and show no erbvious correlation ol viability constant with the 
electron releasing or withdrawing nature of the substituents The heals ol formation tUcreai-e in a 
iieai ly icgtilai lashion as the electron withdiawing power of ihc substiiuents increases but reaches a 
iieai ly steady value lor the most powerful ol these groups hrom this evidence and related data in the 
hteraiuic it is suggested that correlation ol ligand base strength and complex stability 'vill not be 
loiind in vety weak complexes I or these inatci lals, solvation and stei ic ellects w ill he of considerable 
iclativc inipoi lance and may overpowei weak cicciionic elkets 

Piti VIOLS studies in this laboratory of complexes between copper (11) and aromatic 
carhoxylates indicated that the relation between ligand basicity and complex stability 
could be of an inverse sort"’ The present work was undertaken to extend these 
studies to complexes between pyridine bases and copper (II) in a dilferent co-ordination 
environment It was also considered desirable to select a system which was amenable 
to a concurrent calorimetric investigation The pyridine base adducts with bis(2 4- 
pcniancdioiio) copper (II) were selected for this study on the basis ol previous work 
ol (jRAi)DON and Watfon These reactions are of the type given below where B 
icprescnts a molecule of b,ise 

Cu(C5H-0,)j ■ B Cu(C,ITO,), B 

LXPtRIMbN [ Al 

Ihc his(2,4-pcntanediono)-copper (II) was obtained Irotn the MacKen/ie Chemical VVoiks 
< Liiiial Ishp Long Island, New York It was put died by rcciystalli/ation Irom chlorolorm prior lo 
'OS During the course of the experimentation, two luiihcr quantities vxere prepared The first was 
c!'|ccicd lo a carbon and hydrogen analysis with the lollowing icsults (I ound C 45 45 U, 5 r4 
' alv lore u(C,H;0,)., C,45 89, H,5 40“„) The second quantity was analysed by electrodeposition 
oippcr, with the following results (bound 24 18 Calc for copper (11) 24 27"n) Jhe pyridine 
'knvaiivcs were obtained from commercial sources and were purihed by either recrystallization or 
h iillalion prior to use Reagent giade benzene (Allied Chemical Co ) was redistilled before use 

Abstracted in part from a thesis submitted lo Ihc laculty of the Graduate School ol Vanderbilt 
"‘wisiiy m partial tulfillment of the requirements xrf the degree of Doctor ot Phtlosophv tn 

inistry 

fo whom correspondence conceriiing this work should be seni 
'V K May and M M JoNfs J Inoij; Niict C/icm 24, 511 (1962) 

1^ 1’ fiUAniroN and b C Waiton, y Inor" Niicl them 21,49(1961) 
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The Formation constants were determintd spcstiophotometrically using either a Cary Model I 
a Spectronic 20 spectiophotomsici Both oF these vseie equipped with a thermostated cell hot ' 
which was held at the reqiiiicd tcnipciatiiic bv water Ironi a constant tem[Teraturc bath The gent ' 
proccduit used v\as that ot Cikaoih'sj and \V\i ion 

The heats ol icaLtkin were dctcimmcd in a solution caloi imetei of the usual Dewer type which • 
similar in design to one described bv Hoi low'av"' TIic temperature measuring system was modilu j 
to obtain greater sensitiMtv A tlieimisioi hi idgi (T 11 Sargent C o ) was used and the olf-balaik 

potential was led to a leeoider set to give full dellevion loi a 1 mV signal Rough calibration showeO 
that this eoiie’sponded to 0 OOOd^ C per mm \ hcatei was constructed which consisted of resistant, 
w lit \^rdppt;(l dbout an asbcsiiis coated glass md immcised in a sealed glass lube filled with silicon. 

(Ill The he.itcr resistance was measured on a Mcullcr lindgc and found to he 5J 57 i2 at 25 C Iht 
cdlonnicltr was slandardi/ed electrically during each run using this cic'ctrical healer and a storac’L 
battery The cui rent tvas deieimined by the aexurate measurement of the potential drop this suhered 
in passing through a iitandaid ic'^istancc ol I 00001 if (Gray Instrument Co ) at 25 C 

In a typical run, 450 ml ol ben/cne solulion ol bis(2,4-pentanediono)-coppcr (II) (0 005 M) w.is 
placed in the calonnielcr which was then placed in a constant temperature (25 C) bath A pipette 
containing the base or base solution in ben/cne was also equilibrated with the bath After 2 hr, the 
pipette was inserted in the calorimeter a further 30 min was allowed for equilibration, and a constant 
heat ol stirring (about 0 002 C per min) was attained The contents of the pipette were then forced 
into the calorimeter and the temperature change was recorded The eleetiical calibration was then 
tarried out The calibration allowed each heat of reaction to be compared directly with a known 
amount of electrical energy This procedure was checked for reliability by measuring the heat of 
reatlion of dilute sodium hydroxide solution (450ml of 0 005 M) with dilute hydrochloric atid 
(1 1 20 ml of 0 I M) A value of 13 51*0 16 kcal/mole was found as the result of ten such deter- 
minations The accepted value for this is 13 35 keal/molc The measured recorder deflexions 
were also calibrated with the electrical heater and the relationship between the deflexion and the 
electrical energy was found to be lincai to within I per cent fhe actual heat changes were ol the 
order ol 5 10 cal for most of the reactions and the temperature changes were of the order of 
0 01 0 03 C 


RbSULTS 

The formation constants of the atieJuds are presented in Table I, togetlier with 
their standard deviations Each constant represents the average of Five or six deter- 
minations 

Graddon and Watton'^' measured the formation constant of bis(2,4-pcntane- 
diono)pyridinecopper (l[) in benzene at room temperature and obtained the value of 
7 2 This work yielded the value 7 4 at 23"C, which compares very favourably with 
Graddon and Wat ion’s data 

Tabic I Formation consi ants 


CutCsHjOJj I B, Cu<C,H70i)2 B (in benzene) 



Adduct ( B) 






1 

Pyridine 

8 72 rt 

1 32 

6 57 

1 

1 69 

5 18 L 1 01 

2 

3-Picoline 

5 97 1 

0 54 

3 84 1 0 40 

3 92 zl- 0 32 

3 

4-Picoline 

10 9 f 

0 69 

8 75 

L 

0 75 

7 05 

1 0 74 

4 

4-Chloropyridine 

5 65 i 

0 81 

5 01 

1 

0 57 

4 17 J 0 56 

5 

3-Cyanopyridine 

6 83 1 

1 44 

5 34 

4 

1 79 

4 63 ' 

1 J 95 

6 

3-Acetylpyridine 

10 3 

2 54 

9 07 

tz 

1 44 

7 65 * 

1 42 

7 

4-Benzoylpyridine 

18 3 i 6 13 

154 

t-4 48 

14 8 

3 97 

8 

3-Bromopyridine 

5 02 4 

1 13 

4 30 

{ 

0 70 

3 81 10 63 


'■*' J H Holloway Thesis, University of North Carolina (1959) 
Circular 500, U S Bureau of Standards, Washington, D C 
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rhc calorimetric data is presented in Table 2 This includes the measured heats 
ol solution or of dilution for the pyridine bases in benzene in solutions whose final 
conccnlrations were very close to those used in the complexation studies. The 
measured heats were composed of two parts, (i) the heat of solution (or dilution) of 
i!k unreacted ligand and (2) the heat of coordination The concentration of the 
coniplcs was calculated from the known stability constant and from this the amount 
nf uiiic.ictcd ligand could be obtained The heat of solution of the unreacted ligand 
was then subtracted from the measured heat to obtain that heat change due to 
LDiiiplevation Each of the calorimetric values is the average of at least three 
independent determinations 

TaHLI 2 Thi RMODYNAMIt < IIAM.IS 





ij n 

\Hr 


AF 

A5 

A/// 


'\dducl 

(cal; mole) 

(kcal/mole) 

(kcal/mole) 

(c u ) 

(kcal/mole) 

I 

Pyr idinc 

27 5 

i 1 6'' 

6 05 . 

1 03 

1 21 

16 2 

3 31 

■> 

1-Picoline 

1220 

, 21 '> 

8 04 ' 

0 86 

0 93 

23 9 

-3 38 

1 

4-Picoline 

104 0 

. 8 5’ 

115' 

0 53 

1 35 

34 2 

-2 71 

4 

4-Chloropyridinc 

74 3 

, 4 8- 

0 66 ' 

0 52 

1 00 

1 12 

2 11 

5 

3-Cydnopyridine 

2140 

19' 

2 50 ' 

041 

1 08 

4 77 

2 92 

6 

3-Acelylpyi idine 

172 0 

15- 

- 1 76 . 

0 49 

1 35 

1 38 

I 73 

7 

4-Bcn7oylpyridiiie 

00 

O' 

1 42 1 

0 34 

1 68 

0 87 

1 30 

8 

3-Bioiiiopyridine 

121 0 

1 30» 

1 62 1 

0 66 

0 90 

2 42 

- 2 17 


1 / I hese values are calculated from the temperature variation of the equilibrium constanis 
h I hese values arc for an mtegial heat of solution 

I !,' fhese values are lor heats ol dilution wilh the following concentration changes 
r S 709 M to 0 1 390 M 
,/ t 584 M to 0 08726 M 
e S271 M toO 1283 M 
/ 0 8007 M to 0 01956 M 
4 598 M toO 1144 M 

DISCUSSION 

It can easily be seen that the equilibrium constants for this reaction are not 
vhected by substituent groups m the manner anticipated from their established 
electron releasing or withdrawing properties Use of Jaue’s*^’* sigma values for the 
'UbslitueiU constants shows very definitely that the stability constants cannot be 
coiielated quantitatively by a relationship such as the Hammett equation This is the 
situation which has been found in other systems, such as the sulphonate complexes of 
cadmium (11)'*'' In situations in which a correlation has been found between the 
stability constant and the ligand structure in adduct formation reactions similar to 
'lia type studied here, the free energy changes were much greater than found here 
I or example the free energy changes varied from —4 to 8 kcal/mole for the addition 
t an alkyl amine to diacetylbisbenzoylhydra/inonickel (11) In this work, the 

U H Jaih, them Rev 53, 191 (1953) 

3 t TAiEandM M JoNts, / Amer Chem Soc 83,3024 (1961) 

I Sac COM, G Lombaruo and R Ciofalo. J Amer Chem Soi 82,4182(1960) 

1 Sacioni, G Lomharix) and P PAOicTruV Anter Chem Soc 82, 4185(1960) 

I ScccoNiandO Lombarijo, / Aniei Chem Soc 82,6266 (1960) 

> SveroNi RueicaSci 30, SuppI No 5,89(1960) 
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liCL cncrg) changes \aiicci fiom 0 900 to I 68 kcal/mole It would appear that 
eirects due to soUation or steiic intciactioii oceipowct the iclativel) small electronic 
ellecls 

Since the icaclions weie carried out in a non-coordmating soKenl, the leactanls 
weie anlivdroiis and no displacement of lig.iiids occurred dm mg the leaction The 
heat of leaction is thus a diicei mcasuie of the heal evoked when the base adds to the 
complex llieieloic the heat ol reaction shoiild be very similai to the energy of the 
nev co-oidmation bond which is foimeci To analyse the ellects of the chanee of 
stiLiclure ol the bas^ on the heat ol leaction the heat of leacticm was plotted against 



(T 

hicj I — Variation ol the enthalpy ot coniplcxation with the sigma values of the ligand 
substituents -AW IS in kcal mole I he compounds are numbeicd as in Fable 2 

the Hammett sigma constant in Fig 1 A delinite trend is seen in which the heat 
of reaction is rather high for the stronger bases and decreases toward a limiting value 
as the basicity decreases 

This behaviour may be explained by examining the importance of the various 
canonical forms possible for pyridine and pyridine derivatives Structures I, If, III 
and IV demonstrate the canonical forms possible for pyridine with an electron 
donating group such as the methyl group and an electron withdrawing group such as 


CH, N * CH, . N ■ 


N C ' N 

/ 


/ \ 

N C N + 

' - / 


n 


ID 


m 



AdducU of bis(2,4-pentanediono)-coppcr(ll) with pyridine bases 


511 


tlic tyano group Through the comparison of the dipole moments of a senes of 
pyiidine deiivatives and the corresponding benzene derivatives, it was found that 
the electron donating groups have a large effect on increasing the electron density on 
the pyridine nitrogen whereas the electron withdrawing groups have approximately the 
same effect regardless of the electron withdrawing power of the substituent Thus, 
llic stronger bases are able to force a pair of electrons into the orbital of the square 
plan.ii copper (11) complex with a corresponding higher heat of reaction However, 
iho electron withdrawing groups reduce the basicity of these ligands to a common 
Il\cI with a corresponding reduction of the heat of reaction until a constant value is 
obtained 

Considering the heat of reaction to approximate the bond energy of the new 
LO-oidin<ite bond, the bond energy is found to increase in the following order 
4-thloropyridme ~ 4-benzoylpyridinc ~ 3-acctylpyndinc — 3-bromopyridine ' 3- 

L'yaiiopyridinc pyridine 3-picoline 4-picolinc This order very nearly follows 
the order of basicity of the bases 

I he entropy changes also follow the decrease in basicity of the ligand species A 
negative entropy change is expected any time the reaction involves the reduction of the 
number of free particles, the number of degrees of independent motion of the species 
oi the degree ot randomness The comparatively large negative entropies for the 
|ivriclme, 1-pn.oline, 4-picoline .ind 3-cyanopyridme indicate definitely tins is the 
situation The very low positive values indicated for 4-chloropyridine and 4-benzoyI- 
pyi idinc c>re more diflicult to rationalize The heat of reaction was very small for both 
cases leading to an increased error in the calculation of the entropy changes It is 
evident that the entropy changes for the reaction with the less basic derivatives of 
pviidine are very small 

In conclusion, a relationship between the basicity of the ligand and the heat of 
reaction has been found to apply to the reaction being studied This work has also 
shown that the energy of the bond formed is very weak In comparison, the Cu-O 
bond in the bis(2,4-pentaiiediono) copper (II) complex is 48 7 kcal/mole 

tckiiiiwkili’enicnt Tills work was earned out undci a grant from ihc National Science Foundation 
whnsL assistance wc wish lo acknowledge wilh thanks 

' R A \n Pynthni’ and Its ni‘iiuiiiie\ (tdilcd by b Ki iNosurRi.) Part One, p 8 Inler- 

sslsilsr Ncv. York 

M \1 losts, n I Vow and W R IVtxv, "a/rir Clieni I, 166(1962) 




Ini>rL’ Nijcl Chem . 1963 Vol 25 pp 513 to 518 Pergamon Prct» Lid Printed in Northern Ireland 


COMPLEXES OF THE LANTHANIDE ELEMENTS 
WITH MERCAPTOCARBOXYLATE LIGANDS 

J L BhAR, G R CtioppiN and J V Quagitano 

Department of Chemistry, Honda Stale University, Tallahassee, Florida 
{RecieveJ 13 Au^um 1962) 

Mistract Stability eonstanls have been determined by the Bjerrum method for complexes of the 
7 niLiCaptopropionate, /i-mercaptopropionatc and S-ethy)thioglyeolatc ions with yttrium (111) and 
sevcial trivalcnt lanthanide ions The investigation indicates that the acid anions function as mono- 
dcnlate ligands 


I HE two primary factors which determine the stability of complexes are the nature of 
the metal ton and the nature of the ligand Since the 4y-orbitals play very little or no 
role in bonding and the tripositive lanthanide tons have the same outer electronic 
configuration (i e , 5p*'), these metal ions exhibit the expected strong similarities 

w ith each other in the stability of their complexes The major difference in the stability 
constants for any particular ligand might be expected to be due to the increase in 
acidity of the metal ion through the series from lanthanum to lutetium resulting 
from the lanthanide contraction Complexes with various polycarboxylic acid 
ligands, 2 3 4) JJ 5 ED7A, and a-hydroxycarboxyIateligands,'®''’*such as glycolate. 
show an increase in stability from La to Lu m agreement with the increase in acidity. 
However, the trend is not uniform, usually showing a slight deviation around 
gadolinium 

Sonisson'^* found that the lanthanide acetate complexes increase in stability with 
atomic number up to samarium, decrease in stability from gadolinium to dysprosium, 
and remain almost constant to lutetium This same trend was observed for the 
lanthande complexes with a-niercaptoacetate ligand Both ligands function as 
inonodcntate ligands, whereas the a-hydroxycarboxylatc ions function as chelate 
ligands with these lanthanide metal ions Chelation increases the value of the succes- 
sive stepwise stability constants by approximately a factor of five for glycolate relative 
to acetate In addition, the order of stability a-hydroxyisobutyrate • lactate 
glycolate would seem to indicate that the inductive effect arising from methyl group 
substitution which increases the basicity of the hydroxy] group is more important 
than the stcric effect of this substitution 

In the present investigation, the stepwise formation constants have been determined 

I J WtithLWRioiiT,F H SPLUDlNo.indO SniwARZ-rNBAcn J Amer Clieiii Soc 75,4196(1953) 
(i SriiwARzrNBACn, R Our and G AnuerUiO, //W r Chini /irtu 37, 937 ( 1954) 

I H SpFnrjiNc,, J E PowEii and E J WiiEFiWRiGur, 7 4nier Chew Soc 78,34 (1956) 

' K ( VtcKFRY.y C/ieiii Soc 421, 1895 (1952) 

^ SoNFSsoN, /If/n Ojo’/h Scaiiil 12,1937-1954(1958) 

U R C not'piN and 3 Cfiopookia>j, J Inori; Niicl Ctirin , 22, 97 (1961) 

S SuNFssoN, Acta Chem Scand 12, 165 (1958) 

J > Blar, Cl R Choppin and J V Quagliano, / /wrg AW/ Chem In pics > 
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for the complc\nig of se\cral tnvalent lanthajude ions and Y(lll) with a-mercapto- 
propionatc, /^increaplopiopionatc and S-cthylthioglycolatc ions Our purpose was 
to learn if \aiious changes in the nature of the ligand such as inductive clTects, steric 
tactors and chelate iing size would enhance metal sulphur bond formation 

Di h'lniination oj sfahiliii (Oiislaiif'; 

flic successive foimation constants were calculated by the method of Bjerrum, as 
pie\ lously described by Choppin and Chcipocsiian lor the complexes of the (z-hydroxy- 
c arboxyhe acids 

/ he ( akiilation of /I and \L\ 

The concentration ol the free ligand w.is calculated from hydrogen ion measure- 
ments, using a glass clectiodc as previously described 

rXPl RIMf NTAl 

Man n<il^ 

Siiiliu))} />fitli/(>i iiu Cl 1 Siiiilli C o , anhydrous rLagcnt grade was used as obtained in ad|usnng 
lliL solutions lo 2 0 M ionic siicnglh 

iMiiiliantJe jKidtloian \oliilion\ These weic prepared as dcsci ibed previously 
't-iiieKiiplo/iio/iioiiu Mul hK/fi. I \oltiiioii 1 he at|ueous sohilion ol a-inercaptopropionic acid 
(t astei n C heiiiieal C o ) was slandai di/cd against sodium hydroxide 1 he butter solution was picpaicd 
by pai lially neuU ali/iiig the standard aeid solulion w ilh sodium hydroxide to a butter ratio of unity 
(('wasOttOO^M 

jl-iiicK (i/iiopiopioiiK <n id hulfcr ui/iiiioii 1 he acid was obtained from b astern Organic C heniicals, 
and the solution prepared as above ' was I 1014 M 

S-i lh\llhnipl\ tolu <H III hufjet solnnon S-cthylthii'glycislie aeid was prepai ed by the genera) method 
described by Rambeig C^' wasO 598 M 

rquipmcnt 

Hu- qlaw and lefiiencc clc(.lii>des I he glass electiode was a Beckman Type ‘ 42 ’ Asilvcr silwr 
ehlotide lefcieiiee elcetrodc was used 

The pH iiieier A Beckman model Ci was used 

J he puleinionielei \ Leeds-Noi thriip model K-3 potcntiometei eciuippcd with a Weston stand- 
ard Cell was used 

P) at ediire 

Titrations were earned out as picviously described ''' 1 he |ll] and |ll] weie determined by 

titrating with the acid butter icspcctively a solution ol sodium pcichloiatc alone and a solution ol 
sodium perchlorate containing metal ions 

RfcSULTS 

Tables l(a-b) list some of the experimental data and the calculated values of [L\ 
and The values for E' E are calculated from e m f’s measured during the 

titration 

The values obtained for the stability constants, listed in Table 2, were calculated 
from ii and [L] values using an iterative least squares method on an IBM 709 com- 
puter Errors were found to be of the order if 10 percent for /f, and [ 30pcrcenl 
for Random computational errors gave such large fluctuations in the values of K , 
that no values can be confidently reported 

L Ramhfro, Bcr Cheni Dl-tch Ges 40,2588 (1907) 

T A Chopoorian, G R Choppin, A C Grii fitii and J Cuandier,/ Inotg Nucl Chein 21, 
21 (1961) 
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TA«Lh I — DfIIRMINAHON ok hl[L] KROM IXPERlMtNIAL DATA 



(a) Ku 

ropium 

a-mercaptopropionate system 



^ 11 

0 70 mM 



c;* 

800 92 mM 


- 18 06 mM 


l‘ 

2 00 M 

Volume of titrant (ml) 


(t' /)(mV) 

[L\ (mM) 


"i(E](M-') 


0 10 


15 5 

4 37 


54 27 


0 20 


130 

0 26 


43 16 


0 30 


120 

14 23 


38 86 


0 40 


120 

19 47 


35 23 


0 50 


11 2 

24 80 


32 60 


0 75 


9 8 

38 37 


27 97 


1 00 


8 6 

52 34 


24 39 


1 25 


7 6 

66 34 


21 71 


1 50 


6 7 

80 94 


18 87 


2 00 


5 6 

107 66 


16 20 


2 50 


4 6 

1 34 26 


13 57 


3 50 


3 7 

179 80 


1 1 73 


4 50 


3 2 

219 80 


10 64 

(b) huiopium //-nicrcapiopropionalc system 

f “ 

0 70 mM 



fl’ 

1 101 4 mM 


18 06 mM 


// 


2 00 M 

Volume 

oliuianl(ml) ( 

\L E)(mV> 

1/ )(mM) 


' (/-KM-') 


0 10 


27 1 

3 SO 


106 66 


0 20 


22 4 

9 06 


78 83 


0 30 


20 6 

1441 


70 35 


0 40 


19 1 

20 17 


63 63 


0 50 


17 8 

26 26 


58 14 


0 75 


15 0 

42 88 


47 22 


1 00 


12 8 

60 89 


39 30 


1 25 


11 4 

78 58 


34 75 


2 00 


8 4 

132 44 


25 66 


2 50 


74 

165 22 


23 07 


3 00 


64 

198 14 


20 34 


3 50 


5 8 

227 41 


1891 


4 00 


5 3 

256 10 


17 74 




1 AHLK 2 






/l-mere 

apto- x-mcicapto- S-Ethyllhio- 




propionate propion 

ate glyeolale 




A'. 

A. A, 

A. A', 

A. 



1 a 

66 

18 31 

5 50 

7 



Nd 

86 

20 36 

6 52 

7 



Sm 

156 

21 68 

8 70 

8 



Eu 

141 

22 64 

7 61 

8 



Gd 

106 

21 42 

6 50 

8 



Tb 

62 

21 40 

8 34 

9 



Mo 

48 

21 28 

9 27 

9 



hr 

50 

24 24 

11 26 

10 



Yb 

56 

21 27 

10 25 

10 



Y 


24 

5 26 

5 
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Plots of "/(,| vs [/,] for the a-mercaptopropionate and /?-mercaptopropionate 
europium (III) systems arc shown in Fig I 

DISC USSION 

A comparison of tlie stability constants for the lanthanide complexes with 
acetate, glycolate, and 7-mercaptoacetatc ligands indicated that the a-mercaptoacetate 
ion acts as a monodentate ligand There are two possible explanations for this 
Either the siilplnir atom of this ligand is a poor donor for lanthanide ions, or the size of 



[l] mM 

Fic. I —/?/[/] vs [L] curves for systems listed in Table 1 
O Furopium /J-mcrcaptopropionatc system 
^ - fcuropium a-mcrcaplopropionate system 

the sulphur atom creates sufficient steric hindrance to prevent formation of a five- 
membered chelate ring The a-mercaptopropionate ton has a more electronegative 
sulphur atom than the a-mercaptoacetate ion as a result of the methyl group on the 
a-carbon atom Therefore, the a-mercaptopropionate ion could show a greatci 
tendency for the formation of the sulphur-metal bond However, the stability 
constants of the a-mercaptopropionate complexes are only slightly higher than those 
of the a-mercaptoacetate complexes This increase in stability is not large enough to be 
attributed to chelation, whereas it can be satisfactorily explained by the difference m 
acid strength between the a-mercaptoacetic acid and the a-mercaptopropionic acid 
The S-ethylthioglycolate complexes are slightly more stable than the a-mercaptopro- 
pionate complexes, but, again, this can be explained by the fact that S-ethylthioglycoIic 
acid is slightly weaker than a-mercaptopropionic acid 

On the other hand, the /5-mercaptopropionate complexes are considerably more 
stable Considering only the relative acid strengths, /1-mercaptopropionate would be 
expected to form stronger complexes than a-mercaptopropionateand S-ethylthioglyc('- 
late but weaker complexes than acetate In Fig 2, log is plotted as a function "i 
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log of the acids of these ligands The A'„ values were determined by titration in a 
constant ionic strength medium of 20 M NaC 104 The /1-mercaptopropionate 
complexes lie above the line of the other ligands, which shows that their stability is 
ei eater than expected from the acid strengths alone Inasmuch as chelation by this 
jiirand would involve a six-membered ring, it is attractive to consider that the increased 
stability reflects metal -sulphur bonding due to relief of steric effects by the larger ring 
si/c However, the increase in stability of the /1-mercaptopropionate complexes is 



-COG K<, 

r lo 2 - Plot of log A'l vs —log for samarium (O) and ytterbium (A) complexes 

A — mercaptoacetate 
B = a-mercaptopropionate 
C = glycolate 
D S-ethylthioglycolatc 
E — /i-mercaplopropionate 
F Acetate 

much less than that associated with increase in stability resulting from the chelation in 
‘ilycohc acid It is necessary to obtain information on enthalpy and entropy of 
cnmplexation before this question can be definitely answered Such measurements 
uc 111 progress at present 

The variation of the first stability constant, A'j, with atomic number is given in 

• "! ^ for the three ligand systems For all three ligands, the stability of the mono- 
I'-and complex increases with atomic number from La to Sm, decreases from Sm to 

• h' and then remains rather constant for the remaining lanthanides This pattern is 
' ' 'i\!ar to that of A", for the acetate and a-mercaptoacetatc complexes On the basis of 
' ' ' plot of A'l vs the atomic number of the metal, it seems probable that all five acid 
■I'll, ms behave as monodentate ligands This pattern would seem to be typical of the 
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monodentatc carboxylic acid complexes of the lanthanides Again, the explanation of 
this trend may be understood after the thermodynamic parameters are known 

Stability constants ol the complexes of y-mcrcaptoacetate and p’-mercaptopro- 
pionate ligands with the lightest lanthanide ions have been reported by Chfola et al 
Their values arc eonsiderably larger than our values, but this may be due to the 
dilfcrencc in ionic strength between the two sets of experiments (0 l[M vs 2 0M) 
The ratio of the A, values for lanthanum glycolate and /f-mercaptoproptonate from 



Iru. V -PlototA,\s atomic number for lanthanide complexes 
/t-mercaptopropionatc complexes 
1 S-ethylthioglycolatc complexes 
a-mercaptopropionatc complexes 


both groups is about the same However, the ratio of values for glycolate and 
a-mercaptoacctatc is larger in our measurements by a factor of three The reason for 
this variance is not known, however, Cefola points out that their titrations involved 
pH values as high as six which could result in high Ky values due to hydrolysis of the 
lanthanide ions The fact that their values of AT exceed the A'j values would add 
further weight to this as calculation of is much more sensitive to the higher pi I 
range of the titration Their explanation for the higher values is dependent on the 
assumption of chelation which our data would indicate is not a valid assumption 

/icknowledifements— The financial support of the U S Atomic Energy Commission is gratcfulb 
acknowledged We are indebted to Dr H Yonfda for his preparation of the S-ethylthioglycolic acul 

M Cefoia, A S Tompa, A V CiiiANoandP S Gfntii r, / Inorg Ghent 1 , 290-29t (l‘>6-' 
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COMPLEX FORMATION BY N-SUBSTITUTED 
ACETOACETAMIDES— I 

ACID DISSOCIATION CONSTANTS AND 
STABILITY CONSTANTS OF THE 
BERYLLIUM COMPLEXES 

H J Harries 

Chemiitry Department, Derby and Distriel College of Technology, Derby, England 

{Received 5 May 1962, tn revised form 21 July 1962) 

\bslrdct A number of derivatives of accioacctamidc have been examined as ehelating agents Using 
the electrode, the acid dissociation constants have been determined in 50 per cent dioxane (v/v) 
mil the stability constants of their beryllium complexes measured The variation of /jifa with Tsl- 
suhst iluent is interpreted in tci ms of electronic and steric cflects The variation of stability constants 
shows that the ehelating power is related to the basic strength of the enolate ion for a senes of 
sirueturally similar compounds 

Hu complex-forming properties of /I-diketones are well established”’ and stability 
constants have been related to acid strength of the chelating agent by several workers 
Cmvin and WiisoN*^’ and, more recently. Van Uiurt et have related basic 

eliaiaclcr of the enolate ton to the formation of complexes containing the grouping 

C C -C--, while Martin et tr/”’ have made similar studies on the grouping 

I II 

0 O 

“C C C — found in /f-ketoimme complexes 

1 il 

O N 

flic compounds chosen for the present study arc ortho-substituted acetoacetani- 
hdcs which are capable of the kcto-enol tautomensm shown by acclylacctone Due to 
die low water solubility of these compounds and their metal chelates, the medium 
locd was 50 per cent (v/v) dioxane 

hXPCRIMEN 1 A1 

pit I'telci minalwiis pH delermmationv wcic made using a Cambi idge pH mV Meter this being 
ihesked regularly against a standard Weston Cell The electrodes used were a witle-range glass 
ileorode and a saturated Calomel electrode made up using 50 per cent dioxane as the solvent lor KCl 
Unipi.riiuiew'asmainlainedal25 C d- 005’ CalibrationofthcpH-metcrwascarried outasfollows 
hiiller solutions containing acetic acid and sodium acetate in 50 per ccnl dioxane were prepared 
Ihcii pH values were calculated using an extrapolated value for pA , of acetic .ic id An activity 
oirrcclion was made using data available for hydiochloric acid in dioxane water mixtures The 

''iid>i/iiv ( onstanis, l-Ore/imc Liyaiuh Chcni Soc Special Publication No 6 (I9S8) 

VI ( ALVIN and K W Wiison,/ Amei C hem Soc 67,2003(1945) 

I VvNUniRi,W C Firnllius and B I, DoucaAS,y tniei Chem Soc 75,457 (19X3) 

D I Martin, O A Janusonis and B B Marhn J 4m(i Chem Soc 83,73 (1961) 

B I Conway, rieclrochemica/ DCta, p 196 f.lscvici (19S2) 

U S HARNinandB B Qsf^hn, The Physical Chemistiy of C/ei hoivtic Soliilums, p 548 Reinhold, 

V’sw York (1950) 
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plot of observed m\' against calculated pH was linear, having a slope of 0 058 (theory value 0 059) 
and coincided with the graph obtained by plotting pH against mV foi a range of aqueous buffers 
Dinxanc The s ilvent was purified using the method recommended by WtissBEROtR and 
Prosk,au[r'’' 

ChcDiircih B D H reagents were used throughout, except the pyridine derivative which was 
obtained from Ncwton-Maine Ltd I hese were rccrystalhzcd to give literature melting points 
Beryllium sulphate ol at least 99 per cent purity was used 

4luI iliMouunon constuiii'; These were determined by titration ol M/2 NaOH against M/IO 
solutions ol the chelating agents The pH at hall-neutral ization was taken as pH — p/Ta This gives 
comparative values, that is they aie not true ihcrmodynamie constants This procedure was adopted 
because (a) evtiapolation to zero concentration was subject to laige errois in cases where this was 
attempted and (b) the calculation ol activity corrections was not possible foi the cnolatc ion due to 
lack of suilable data 

p}! 1 ituiiioiis Solutions containing perchloric acid, bciylliiim sulphate and a two- to fivefold 
evecss of chelating agent in a total volume ol 100 ml were titrated with M/2 NaOH in 50 per cent 
dioxane 

Calciilalioii of results The method used was based on that ol BirRRUM'"’ 

Let (”« total concentration ol metal salt. 

Let (’ll! total concentration of chelating agent, 

A conccnti alion of perchloric acid 

Then, assuming that the divalent metal forms a I 2 chelate via the 1 1 chelate, whose stability 
constants are Ky and A'j icspcctivcly, the following equations may be derived 

Cm [M^M I [MC] d [MC,1 (1) 

Cue = [HC] ; [C ] + [MC ] + 2[MCH (2) 

[H+] I 2fM*'] I [MC*I I [Na'] [OH^] I [CIO, ] f 2[SO,= ] i [C'] (3) 

Total bound chelating agent [MC] I 2[MC,] 

Using equations (1) (3), it can be shown that 

[MC+] ; 2[MC,] - [Na-] -t- [H'l - A - [OH-] I A I [OH-] -[Na^]-[K+]} 

[l-UJ 

(4) 

The value of Kw used to calculate [OH ] was extrapolated from data given by Conway'^' 
(logkw 16 1) 

The average number of chelate groups bound per metal ion («) is given by 

n - {[MC^] + 2[MCJ]/Cm 

17 can then be calculated from (4) (2) gives a value for {[HC] t [C ]} which, in conjunction with /fa, 
enables [C ] to be calculated 

'‘^1 idWi ^ 

From a plot of pC( — log [C ]) against /i can be obtained values of A’, and A'j Log A, and log A, 
arc given by the values ol pC corresponding to n 0 5 and /i - 1 5 respectively 

RESULTS AND DISCUSSION 

The values of p/Ta, log log K„ and log log A'jA'a) are given in Table 1 

The stability constants given are those obtained for a starting solution containing 
Cm =" lO'^M, C,j(. -- 5 X 10“®M and /4 = 5 X 10”® M Experiments were earned 
out using concentrations up to ten times those given and varying the excess of chelating 
agent These gave slightly larger values of A", and A'j Generally, the difference was 
not greater than 0 1 log units although a few results were up to 0 3 log units higli 

”>A WnssBERGCR and E S 'PROSK\utR,Techiuque of Organic Chemisfry, Vo] 7, p 371 Interscienci 
New York (1955) 

J Bjerrum, Metal Ammine Formation in Aqueous Solution p 35 Haase, Copenhagen (1941' 
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(U was estimated that the experimental technique limited the accuracy of the final 
lesLiIts to 1-0 05 log units, the further variations noted are considered to be due to 
variation of activities It can also be shown that calculation of and from 

Tabi fc 1 - Acid dissociation constants or CHj CO CH^ CO NH R and 
srAHllirY CQNSTANCS of the HFRYIIIUM COMPLEXES 


Compound No 

R 


log AT, 

logX’j 

log/?! 

1 

2,5-dichlorophenyl- 

102 

67 

54 

12 1 

2 

2-pyridyl- 

106 

7 8 

6 65 

14 45 

3 

2-chlorophcnyl- 

10 65 

74 

62 

13 5 

4 

2-tolyl- 

11 3 

79 

66 

14 5 

5 

2-mcthoxyphcnyI- 

11 4 

8 1 

69 

15 0 

6 

phenyl- 

11 6 

8 3 

7 0 

15 2 

7 

acctylacctone 

10 3 

8 3 

7 4 

15 7 

8 

ethyl acctoacctale 

11 9 

8 6 

7 6 

16 2 




Fig 1 -Relation between acid dissociation constant of chelating agent and stability of 
heiylhum complex Numbers 1-8 coirespond to the compounds shoivn in Table 1 


' ^pc'rmcntal results was most sensitive to small errors m pH or errors due to acid 
" 'puntics in the reagents in systems involving high concentrations and large excesses 
' ' chelating agent This would affect the results in the way noted) Fig 1 shows plots 
1 against log /f,, log K„ and log 



522 


H J Harrus 


\ anation oj pK.i The acid dissociation of the cnol form of these compounds is 
favoured by low electron density in the region of the C--0 links which is, in turn, 
enhanced by electron withdrawal m the direction of the aromatic ring The electron- 
withdrawing abilities of the ring substitutuents is known to be — OCHj < ~CH, 

— H , -Cl and would lead to the conclusion that this would be the order of the acid 
dissociation constants These results indicate that the H-compound is apparently 
anomalous This may be explained with the aid of Fig 2 The electron withdrawal by 


Ch, 


C -0 
ch' 

1 -0 
NH X 

V / 


I 


CH 

C O, 

CH H 



II 


CH, 

C — 0 

/ 

ch" h 

\ ■' 



ill 


hiCj 2 Keto-cnol Uiutomcrism in substiluled acctoaccUniJidcs 


X IS reduced by ring lorniation due to hydiogen bonding When X is H, the two rings 
may be co-planar and thus foiin an extended conjugated system, whose stability is 
thereby increased When X is larger than H, stenc interference no longer allows 
coplanarity and the enhanced stability of the H-bonded ring is no longer possible 
This cITect is parallel to that shown in the case of the ortho-substituted benzoic acids 
whose acid dissociation constants decrease in the order Cl '• CH, OCH, - H 
The variation in both cases is due to a combination of (a) the electronic etlects of the 
substitutuents and (b) the stenc cflect of substitution in the ortho-position 

Vanaiion oj stahilitv con'iiaiits It can be seen, from Fig 1, that the chelating 
ability increases vsith the basic strength of the enoiate ion This applies to a senes ot 
structurally similar compounds This is m accordance with the findings of Calvin 
and Wilson'^* who found that different series of chelating agents gave a senes ol 
parallel lines foi pA'j/log A plots The linearity is not unexpected in view of the 
similarity between the two reactions For a structurally similar scries, the entropy of 


\ 

A'\ 

CH H 

Vo^ 


\ 

c=o 
/ ' 

CH 

% / 

c-o 


M 




/ 

CH 


c=o 


+ H‘ 


C-O' 


/ 

CH 

% 


c=o 


+ 




C— O' 


K 


reaction will not change greatly with substitution so that changes of free energy, 
which are related to changes of equilibrium constant (— /XG - A7’ln K ), will depend 
mainly on changes of enthalpy of reaction which, in turn, depend on the donor power 
of the chelating atoms 


<•* L P Hammett, Physical Organic Chemistry, p 204 McGraw-Hill, New York (1940) 
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The complexes formed here are considered to be chelates involving oxygen donor 
atoms by reason of the analogy with other diketo compounds and by virtue of the 
uniform relation between complex formation and acid dissociation, the latter would 
not be expected if the mode of complex formation varied due to substitutuents in the 
lint! The tetrahedral arrangement of four bonds around the beryllium atom in this 
case should give rise to optical activity due to asymmetry of the complex molecule 
this could not be resolved by the usual method of diastereoisomer salt formation 
because the complex in neutral, it may be possible to use the NH group as a base or, 
m the case of the pyridine derivative, to use the heterocyclic nitrogen 

It IS intended to carry out infra-red work on the chelating agents and their metal 
Lomplcxcs to indicate the method of chelation by observation of C — H and N — H 
lictjucncies and frequency shifts Dipole work is planned in connection with the 
Lonlormation of the chelating agent By comparison between measured dipole 
moment and that calculated for the vaiious possible structures, it should be possible 
Id assign the correct conformation to the molecule as was done, for example, in the 
of thioacctoacetic ester where six structures were possible Work is at present 
in liand to extend these studies to other metal ions and the results will be reported 
later 

(. 1 1 1 RRARO, J J DRAMvandM CrioiX, J A/ncr C /iciii Soc 75,1206(1953) 
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FORMATION AND DISSOCIATION OF COPPER (II) 

nitrosyl complexes in non-aqueous solvents 

M MhRCER* and R T M Fraslr 
The University of Ottawa, Ottawa, Canada and The Department of Chemistry 
The University of Kansas, 1 awrence, Kansas 

(Received 22 Aiii^iist 1962) 

\hstract — Solid copper nitrosyls have been isolated from alcoholic solutions, and it is found that 
iliL inoic stable torm of these is identical with that prepared from the corresponding copper (1) and 
niuosyl halides Nitrosyls containing iodide, cyanide or thiocyanate groups have been obtained in 
solulion A new method for the evaluation of the dissociation constant of the chloride nitrosyl in 
alcohols has been developed the results support values obtained previously 

Ri < I NT woris'^’ has shown that copper (II) chloride or bromide dissolved tn alcohols 
vs ill combine with a maximum of one equivalent of nitric oxide to form blue complexes 
ol the composition CuX^ NO(X Cl, Br or F), possibly with one or more solvent 
molecules coordinated to the copper These blue nitrosyls dissociate into colourless 
ions initially CuX.j and NO*^ these, not CuX,^ ”, give rise to the colour movement 
111 ion migration experiments Evidence'^* indicates that the reactions can be satis- 
lactoiily described by the equations 

CuBtg -h NO — ► CuBtj no 
C uBr^NO ^CuBn, + NO' 

h(. 

(or the bromide and 

CuCI, + NO ^ CuCla NO 
CuCFNO ^CutV I NO' 

lor the chloride (where the volume of nitric oxide absorbed is always less than one 
equivalent) 

Values for Kc and A', have previously been determined by measurement of the 
volume of nitric oxide absorbed, the concentration of the covalent nitrosyl CuCl, NO 
md (by ditfcrence) the concentration of unreacted copper (II) chloride This paper 
presents a method for establishing the validity of the equations and determining Kf 
fi om a knowledge only of the initial copper (11) chloride concentration and the volume 
ol mine oxide absorbed 

f oppei (1) chloride or bromide will react with the coriespondmg nitrosyl halide 
to yield a violet powder which dissolves m alcohols giving a product apparently 
identical to that prepated from the copper ( 11 ) halide and nitric oxide In the past it 
!i is not been possible to reverse tlic procedure and obtain a solid copper nitrosyl from 
O’lut on the only report in the literature'"*’ stated that blue drops were precipitated by 
* 1 aken in part from the M St thesis of M Mercfr 

R r M FRAsrRandW F, DASf-Ni,J Aiiiei Chcm Soc 82,348(1960) 

3 IsoHi s( Hc'i rpR and M Kutscherou, Scr Dl'.eh C/ieiii Ges 37,3044 (1904) 

R i M 1 raser, y Inoii; Nuc! Chem 17, 265(1961) 

''' M \M Hor, Liehi<;s Ann 375, 308 (1910) 
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toluene, but these decomposed before analysis rc-investigation showed that this 
piodiict does not contain copper, however it is possible to precipitate a solid nitrosyl 
from solution the method is presented below 

Information obtained from studies made of the dissociation of the mtrosyls m the 
senes of alcohols methanol, ethanol, 1 -propanol, <■” has made possible the prepa- 
ration of mtrosyls of copper (II) cyanide, iodide and thiocyanate previous attempts 
to form these failed 

EXPhRIMIZNTAL 

Till, {^.is Icindlini; app.nalus ,ind the cell used for the optical measurements have been described 
previously ' " 1 ig 1 shows the system used foi the isolation of the solid nitrosyl a saturated 
solution ol eoppei ( 1 1 ) bromide in lOpei cent methanol 'X) percent carbon tetrachloride was pieparcd 



Fig I -Apparatus lor isolation of solid mtrosyls 

in the flask A and nitiic oside bubbled through for 90 min The solution was iransferred to the 
tiller / by inverting -t, then petroleum ether saturated with nitric ovide was added by inverting llask 
B t was chilled with a freering mix.turc and the nitrosyl separated as a black solid Taps S and 7 
served to regulate the flow of nitric oxide and the rate of filtering the solution The precipitate was 
washed with petroleum ether or cyclohexane and dried as thoroughly as possible with a stream ol 
nitric oxide Anhydrous copper(U) bromide and chloride the method (or the preparation ol these 
has been described " 

Sahcylal-n-hydroxybenzylamine copper (11) was prepared by the method of KisittTA Copper (ll> 

salicylaldoximate and eopperfll) pyridine thiocyanate were prepared by standard methods 

The alcohols used as solvents were first refluxed with silver oxide to remove aldehydes then 
shaken with Drieritc for 24 hr The alcohol was distilled into the volumetric flasks immediatclv 
before use Estimation of the water content of the distillate was made by titration with Karl 1 isehci 
Reagent All other solvents were dried and distilled before use 

Standard methods''' were used for the copper analyses Methanol in the complexes was determined 
by chromotropic acid 

New halide and pseudohahde mtrosyls 

It seemed likely that mtrosyls of unstable copper compounds such as the cyanide and lodid- 
would be most easily formed in alcohols such as i-butanol or 1 -propanol"” or in methyl aect.i'c 
rather than in methanol or ethanol The same procedure was used in all cases suspensions nl 
copper (II) sulphate and the potassium salt (iodide, cyanide, thiocyanate) were prepared separaiciv 

W Manchot, Her Disch Chem Ces 47, 1601 (1914) 

"" M Kishita, Y MuiToandM Kubo, / Ausir Chem 12, 386 (1957) 

'’'A I Nikjtl, Quaniilalive Inotpamc Analysis p 432 Longmans, Green, London (1951) 

R N Boos, 4/w/v/ Chem 20,964(1948) 
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diLii cooled to 0 C and filtered The two solutions were mixed and nitric oxide bubbled through 
(Iptical spectra were recorded immediately m the region 400-800 m/r using a Beckman DK2 

spcctiophotometer 


I u’liliiu’iit oj data 

1 he stability constants determined in earlier work‘“’ for the copper (II) chloride nilrosyl have 
depended on the assumption that the reactions may be adequately described by 

Af 

( 1 ) 


iml 


CuCl. . NO 

CuCl, NO 

r ( 1 a)[NO] 

<x(l y) 

h, 

CuCl.NO:^ 

, NO^ 

f x(l - y) 

c\x c\y 


(2) 


w hcic ( IS I he initial concentration of copper (II) chloride, i the number of equivalents of nit i ic oxide 
ihsoibcd per mole of evipper salt (0 v 1) and y the dcgice ol loni/alion ot the nitrosyi If this 


IS so 

then 


(I x)v 

Non T) 


iiul 


or 


A”, 


c 


y-\c 

(~i y) 

h\K, [NOld v) 
i V ^ A, [NOJd - 1)}-^ 


I oi any solvent at a fixed temperature, [NO] is constant, and so if Ar and A", can be derived from 
equations ( I ) and (2) it is possible to predict the variation in \, the uptake of nitric oxide as the initial 
concentration c of coppei (11) chloride is decreased x will have both an upper and a lower limit, 
loi when c IS vci y large, \ - A't[NO]( 1 x ) will tend to 7cio and x approach A'i[N01 ( I - A([NOJ) 
.IS ( dccieascs the value ot x should increase and appio.ach 1 At high initial concentrations ol 
copperdi) salt, the apparent volume of nitiic oxide absorbed dccieascs this is due to the decrease 
ol the solubility ol the gas in ilic solution II because ol this, the lower limit of x cannot be established 
' nh piccision, then the value ot Ar[NOJ and hence Ar may be obtained fioni the slope of the central 
sli light poKion ol (he plot ol log,„ r log,,, A', Ar[N01 against x Figure 2 sln>ws some curves 
oht iiiicd loi ai biliary values ol Af[N()| and the slopes of the mid-poi lions (i/logr i/x) are plotted 
I 'ainu AilNO] m I ig 3 Once Ai is known. A, m.ty be evaluated 



Ic , < U I ^ h, [N'j] 

I 2 - Calculated variation ol nitric oxide absorption with coppet (I I) concentration, 
vv ith slopes ( l/(r/x/(/ login ( )) marked 




528 


M MiRCiRanclR T M Frasfk 


It tliL intcrdLlion nf the iiitrosonium ion with tlie solvent is important, a similar espression for 
the relationship between Ar and < and t ean still be dci ived 

8A, ArNOA4ROH](l v) 

“T* A,(N0](I - r)!''” 

w heie A, and [Rf)H| i elei to the cejnihbi iiim 

A, 

NO ROH ^ - RONO H 

rile plot ol e against t will ai; tin ha\c the iippci limit eil 1 and the lowei limit of 

A,|Nt)j 

' 1 MNOJ 

but the shipcs (i/ lo^ii) r i/\ ) will he dilTeicnt (bi” 3) Im ther it is mit possible to dense a value for A^ 
Ironi \, < and Ar 



biCi 3 - Relation between At[NO] and the slopes {<! Iog,o cUh), eonsidering (a) two 
equihbiia, (b) three equihbiia, as the dcseription of the systems 

RKSULTS 

Absorption by copper (//) dilontle in ethanol and methanol 

Figure 4 shows the variation in the volume of nitric ovide absorbed as the concen- 
tration of the chloiide w'as decreased A similar plot is shown (Fig 5) for copper (II) 
chloride in methanol Above [CuCI,]^ 0 02 F the volume of nitnc oxide absorbed 
per mole of copper did not change significantly, as shown m Table 1 Below 0 02 J 
the volume of nitric oxide absorbed by the copper chloride becomes very small com- 
pared with that absorbed by the solvent It was possible, however, even at the lowest 
copper concentrations used to detect the violet colour of the nitrosyl 

New nitro^yls 

(a) Iodide, cyanide and thiocyanate nitrosyh The iodide nitrosyl was unstable m 
most alcohols only in 1 -propanol did a transient violet colour appear Acetone m 



hormation and dissociation of copper (II) nilrosyl complexes in non-acjutous solvents 529 



■ 

I Kj 4 EIspci iniental variation ol nitric oxide absoiption with copper(llj chloride 
concentration in ethanol ( 30 C, ^262, 16 3 ) 



1 -i -JO -.0 

I 1 c 
o 


I i>' 5 -Expel imcntal vaiiation of nitric oxide absorption with copper (11) chloride 
soiicciiii ation in methanol (25 C) vertical lines indicate expeiimental eiror Solid 
curve calculated variation with ArlNO] 0 25, logi„ Ac/CifNO] =- 2 3 

lAHlF 1 - \rsorPIION or MIRIC OXIOI BY CORFFR ( 1 1) C I It ORlOl IN METHANOL 

(25 0 05 C) 


tiiCE 

NO 

CuCl, 

NO 

(1 ) ' 

(ecjuivalent (\)) 

(1 ) 

(equivalent (x)) 

0 02 

0 20 

0 137 

0 25 

0 039 

0 22 

0 16 

0 25 

0 04 

0 26 

0 18 

0 22 

0 08 

0 20 

0 20 

0 20 

0 092 

0 20 

0 20 

0 23 

0 10 

0 25 

0 22 

0 20 

0 11 

0 25 

0 24 

0 24 


0 23 


Average 
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methyl dcctate were better solvents the spectrum in acetone showed a peak at 560 m/i 
and another at 450 m/t (due to ICH_, CO- CM,) The nitiosyl was stabilized by 
hydrogen iodide*''* and it was found tliat as the 560 m/i peak decreased in intensity, 
that at 450 ni// incieased simultaneously a whitish precipitate of copper (I) iodide 
formed Similai behaviour was found m methyl acetate, but since the decomposition 
was not quite as lapid it was possible to obtain a diffeiential spectrum against iodide 
r/ie spectra are shown m fig 6 



, a V >. 'i_n ,th 

t Ri 6- Oplicalspectrumol thetopper lodidenitrosyl I.CuliNO HI 2.CuCI.NO, 
t, C'ulj NO HI against F, 4 methyl acciale soKent blank 

The thiocyanate and cyanide nitrosyls were much less stable than the iodide The 
The spectra obtained are shown 111 big 7 again the absoiption of the decomposition 
products Intel fered Solvents used were 10°q methanol in carbon tetrachloi ide and 
methyl acetate 

(b) SciIk \ lal-o-li} droxylaminc copper (II) niliosyl The dark green copper (11) sal icylal- 
«-hydroxylamine dissolved readily m nonpolar solvents such as carbon tetrachloi ide 
but nitrosyl formation did not occur even aftei nitric oxide had been bubbled through 
the solution for an hour A solution of the complex ( 10 ^ M) m 10 per cent methanol/ 
90 per cent carbon tetrachloride was made, and this took up nitric oxide to become 
colourless and then violet, with an absorption maximum at 535 m/< 

A mole ratio study was made of the chelate alone in carbon tetrachloride Metha- 
nol was added and breaks were observed in the optical density plot at 1,2 and 1 
equivalents of alcohol The experiments were repeated in the presence of nitric oxide 
and at the wavelength 535 m// The optical density of the solution increased to a 
maximum at CHjOH chelate — 1, then decreased as more alcohol was added When 
any of the nitrosyl solutions were left for several days, the violet colour deepened ami 
a brown precipitate (which did not contain nitric oxide) formed The chelate did no* 
form the nitrosyl in the presence of pyridine or in triethyl phosphate 

R T M Fraser, Aol/re, Z.oW 188,718(1960) 
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hie. 7 —Optical spectra in methyl acetate 1, Cu(CN)j NO 2. Cu(SCN)jNO 
Pivpaialion of iohcl Jiitmsyh 

Manc hot repotted''*’ that addition of toluene to the solution of a copper nitrosyl 
caused precipitation of pale blue crystals, but these were too unstable to examine 
In this work, a solution of the copper chloride nitrosyl in ethanol was cooled in liquid 
an and toluene added No precipitate foinied However, toluene and nitric oxide in 
the presence of traces of air will lorm pale blue ciystals when cooled and these decom- 
pose immediately on filtering 


1 AIll 1 2 - 

Coppi-R AMS Ml 

IHANOl CONILNTO! 

sol \D MIkOS’VLS 


Chopper 

Methanol 

Ralio 

Halide 

(mmole) 

(mmole) 

McOHTii 

CuCI, 

0 197 

0 186 

0 94 


I 9,S 

2 65 

1 29 


50 07 

48 71 

0 97 

CuBr. 

0 408 

0 372 

0 91 


401 

5 82 

1 45 


19 87 

23 22 

1 17 


Isolation of the solid nilrosyls has been accomplished by a method similar to that 
o| Nl \si "( 1 ) When the toluene was added the nitrosyl precipitated as a black powder 
I his powder was washed with petroleum ethei, then diicd by a fast siicam of nitric 
ONicie for 40 min Immediately after washing, the ratio of methanol to copper was 
1 1 , after drying with nitiic oxide the nitiosyl contained no methanol but had the 
imposition CuCKNO oi CuBrgNO Results aie shown in Table 2 foi the copper 
md methanol content found immediately aflci washing 

DISCUSSION 

I he now method for detci mining A.', and A, requires only a knowledge of the 
'' lame of gas absorbed at each copper chloride concentialion It is theiefore more 
It Nssr.indtl Ruckfmann, 4/;o/g Clwiii 307 , 309 ( I UAO) 
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rapRt than the eailier method \^hlch involved optical and gas absorption measure- 
ments on the same sample Further, any uncertainty in the values of the extinction 
coeflicients cannot allect the lesult In cases vvheie \ is high (between 0 6 and 0 9), 
the volume ol gas absoihed can be mcasuied with some precision, so that although 
the lower limiting value ot \ cannot be lived exactly due to depression of nitric oxide 
solubility in concentiated solutions, the slope ^/ log (jc/\ will give value lor h\ [NO] and 
hence Ihcn A, When \ is low, the volume of gas absoibed is very small, but 
the limilmg \<iluc is leaehed at low coppei chloiidc concentrations, bcfoie the solu- 
bility ol nitiic oxide in the solvent Lhanges significantly The limiting value ( A, 
[NO|;(l , A| [NO]) will give A, and then Ai may be deteimined bydilferencc In a 
number ol cases botli the slope and the limiting value can be used to deleiminc A 
table 2 shows a compaiison of A, and A( values with those obtained previously 
That the set ol two equations is .idequ.ite m dcsciibmg the system is shown in 
Table 3, wlicie the I’lbscivcd slope and those calculated fiom the limiting value assum- 
ing (a) two ccpnlibiia, (b) thiee ec|uilibiia, impoitant are compaied 


( \m r ? Vviiisoi AfANivA, 


Soivcnl 

[ i.ni|i 

A, 


Ai ' 

’ 

A, 


A', 

III 

Methanol 

20 



S 8 




1 55 

10 = 


2S 

15 6 


8 2 


1 7 

10 " 

2 9 

10 ^ 


20 6 



10 6 




5 4 

10 " 


K, 3 

1 13 

10- 



3 8 

10 " 



r tlianol 

22 2 



1 28 

10" 



6 1 

10 ' 


26 2 

I 0 

10- 

1 07 

10" 

1 3s- 

10 ■ 

1 4 

10 - 


30 0 

5 

10 








1 VUl 1 
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1 


Slope 



Temp 

(Limit) 

Obs 

calcd (a) 

Cale-d (b) 

16 3 

0 63 

6 6 

6 7 


-52 

22 2 

0 57 

-50 

5 7 


- 3 8 

30 0 

0 38 

-2 8 

3 9 


2 6 


As the temperature incieascs, the reaction of the dissociation products with the 
solvent may be expected to become more important and the three equilibria desciibc 
the system better Thus in ethanol at 30°, the slope found is closer to the calculated 
(b) value 

Traces of water in the methanol depress the volume of gas absorbed by the coppvi 
chloride and it was found necessary to use Drierite rather than magnesium turnings'" 
to dry the solvent Titration with Karl Fischer Reagent showed that this treatment 
reduced the w'ater content below 0 002 per cent The effect of water was first stresssil 
by Manchot'"’* in his studies of copper chloride in ethanol, and in fact, if the data lor 
nitric oxide absorption contained in that paper are plotted against concentration, a 
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sanation is found similar to that shown in Fig 4 the values of v arc a little low 
since the hydrated copper salt was used 

1 he four halide nitrosyls have now been prepared in solution The copper bromide 
and chloride nitrosyls are the most stable, and form in any alcohol, ketone and in 
Mime nitriles Copper (II) fluoride will leact with nitric oxide in 1-butanol to give a 
M.iy slioit-livcd violet complex,*"* which can be stabilized by hydrogen fluoride In 
the piescncc of this acid, even ethanol or propanol will serve as a satisfactory solvent 
\ similai method has been used to stabilize the iodide nitrosyl in acetone, methyl 
acetate and 1 -propanol, but even m the presence of acid the lifetime of this complex is 
Icis than thirty seconds As the precipitate of copper (I) iodide forms, an equivalent 
imoimtof iodine IS libeiatcd this, togethci with the similarity of the optical spectrum 
with that of the chloride nitrosyl, seems good evidence tor the composition CuI_,NO 

\ ciy dilute solutions of copper (II) sulphate and potassium cyanide or thiocyanate 
behave m the same way the violet complex is even more unstable, decomposing in 
less than twenty seconds Copper (II) hydroxide, nitrate (and of couise sulphate) do 
not form nitrosyls in alcohols oi methyl acetate 

In contiast to these compounds, copper (II) sahcylal-o-hydro\ybenzyiamine is 
most soluble m non-polar liquids such as benzene or carbon tetrachloride It is possi- 
ble theicloic to observe the elfcets of added trace amounts of alcohols, and since these 
aic necessaiy tor the formation of a nitrosyl, to carry out a mole ratio study In the 
piesLiice of nitric oxide, the chelate forms a nitrosyl containing one alcohol molecule 
Hie light absoiption maximum occurs at 535 m//, but the extinction coefficient is 
vciy small (approx 100) compared to that of the copper chloride nitrosyl When more 
than one equivalent of alcohol is added to the solution and nitric oxide passed in, the 
nitiosyl color appears in about thirty minutes Over a peiiod of three days the purple 
toloui deepens and a known precipitate forms The precipitate is not a nitrosyl, but 
docs contain some copper If the solution is treated with nitrogen and then evaporated. 
It liocs not yield the staiting matciial but some decomposition products 

I he mole ratio experiments seem to indicate that the salicylal nitrosyl is fivc- 
co-oidiiiate this is piobably the coordination number of the halide nitrosyls as well 
with two solvent molecules completing the shell There is no evidence fora further 
solsenl molecule in the complex if the nitrosyls are six-covalent, the last alcohol 
must he bound very loosely 

Coppei (II) bromide or chloride form a very stable nitrosyl m triethyl phosphate, 
wIiLuas copper (li) sahcylal-o-hydro\ylainine docs not form one at all Of the six 
possible co-ordination positions about the coppei. only two are required (by the 
halogen atoms) for the halide nitrosyls The nitric oxide and the solvent molecules 
ii'av occupy any of the other positions, all of which arc unhindered A study of 
molecular models shows that the monomei of coppei (II) salicylal-o-hydroxylamine 
(1) IS non-planer, in contrast to related compounds such as II, which are planar in 
I'lL solid state 
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‘ \ Bvrclay, C IVI Harris, B F FIosrins ana t Kokoi Pioc Chem Soc 264(1961) 
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Three of the m\ octahedral positions about the copper are already filled of the 
leniainmg Ihiee, only one, turns to the nitrogen, is unhindered Methanol or ethanol 
can |ust occupy cithci one of the remaining two vacancies, but triethyl phosphate is 
too large a co-oidinating group to fit anywhere but turns to the nitrogen Apparently, 
il this position IS lilled, nitric oxide will not occupy either of the othci Iw'o, and so no 
niti osyl is obtained 

It has been found*'-' that the position of the infia-ied absoiption of the nitrogen- 
oxygen (NO ) group in the complexes is related to the type of mctal-nitrogen bonding 
while nitiic oxide absoibs at 1878 cm ' and the nitrosonium ion at 2220 cm T the 
metal nitrosyls containing the NO' group absoib m the region 1938 cm ' ([NOTe 
(CN),]- )tolh26cm ' (NOCo[(CTI ,)>NCS_,]) The spiead in values may be atti ibuted 
to ditlcicnt multiple metal mtiogen bonding the moie backbonding, the higher the 
lrc'c|ucncv Coppei (II) chloride and biomide nitrosyls show' absorptions at 1854 and 
1848 cm ' icspectively, while the coppei (II) salicylal nilrosyl absoibs at 1640 cm ^ 
Aftci decomposition, this value uses to around 1780 cm ' The low value of 1640 
m.iy arise fiom the same cause as that of 1626 cm ' lound for NOCo[(CHj)_,NCS^],, 
whcie asvmmctiic cooidiiuition ii| the mine oxide (111) has been proposed,*'** but 
without suppoiting evidence 

NO 

s j s 

{CH,)_,N C Co,, C-NtCH^)^, 

s s 

UI 

The blue ci ystals that M\nc hot lepoited as the solid nitrosyl aie merely a mixtuie 
of toluene and mtiic oxide They decompose immediately on exposure to an, and 
this IS why he was unable to examine them Ifan alcoholic' solution of the nitiosyl is 
treated with excess peti oleum ethei and cooled in a diy-ice-acetone or liquid mtiogen 
bath. It IS possible to obt.iin a black piccipitate which contains copper (chloiineoi 
bromine depending on the coppei h.ilidc) nitiic oxide and some alcohol about one 
equiv.ilent per coppei The amount found varied somewhat, the highest value being 
about 3 2 It was not possible to establish whethei the variation was due to incomplete 
washing or whether moie than one solvated nitrosyl was piesent The alcohol is lost 
quite readily and the stable nitrosyl is identical with that prepaied from coppei (I) 
chloride or biomide and the corresponding nitrosyl halide 


iiji w P Grihiiii, J iLwisaruiCi Wii kinson, 7 (hem Soc 3993 (1958) 

J Liwis, R J Irvinci ami Cl Wii mnson, 7 Inoiy Niicl (hem 7,32(1958) 
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the thermal dissociation of potassium METHYL- 
AND ETHYLSULPHATES. THERMOG RAVI METRIC 
ANALYSIS, DIFFERENTIAL THERMAL ANALYSIS, 

GAS EVOLUTION AND X-RAY STUDIES 

W W Wendlaimdt and C Sturm 

Deparlmcnts of Chemistry and Cteoscicnces, Texas Tcthnological College 

Lubbock, Texas 

(Reiened \ 'i 1962) 

MisiracI The thermal dissociation of potassium methyl- and cthylsulphates was studied by thermo- 
’laMinclric analysis, dillciential thermal analysis, gas evolution analysis, and by X-ray diflraction 
luo new phase transitions were found m ► /»' KCH,SOi at~110 C, and st <■ fl KC^H.SO, at 
-.NT C I he heats of transition for the two transitions were 1 ,800 and 2,000 cal mole ', respectively 

I I e dissoeialion leaetionstound wereasfollows KCHjSOj •• lS,.S 20 ; sK,,S 04 ' SOj, 

milKC dl.SO, -KjSjO; C.H, ' HjO >■ K..,SO, SOj X-i ay diffraction data are given for all 

III die solid phases involved in the reactions 

l\ et'nncetion witlt hit studies on the thermal dissociation of the rare-earth cthyl- 
stilphatc hydrates, Nathans”* studied the thcimal dissociation of potassium ethyl- 
sulphate The dilFcrential thermal analysis (DTA) curve consisted of a single endo- 
ihcrmic peak with a peak maxima temperature of 200 C On the basis of this curve 
and an analysis of the residue, he stated that the compound dissociated according to 
lhe‘ leaclion 

KC,H-,SO,(s)-> KHS 04 (s) ■ C,l-I,(g) (I) 

As a icsult of studies in this Laboratory it was found that Nathans had used a 
pjitially decomposed sample of potassium etiiylsulphate Consequently, this study 
Is conceincd with the investigation of the thermal dissociation of potassium cthyl- 
sulplialc and of potassium mcthylsulphate by the methods of thcrmcvgravimetric 
analysis (TCjA), DTA, gas evolution analysis (GL) and X-ray dillracticn 

rXPf RIMt NTAL 

( hLitiiuils PoUissiLim elhylsulphatetcthylsulphunc .icid potassium salt No 916) was oblamcd 
I'Mii I .isinian Oiganie Chcinieals, Roehcsie'r, NY Analysis of the compound gave carbon 
ItTi',, lound 1462"„ Ihcoi , hydrogen, 2 8S'’„ found, 3 05",, iheor Previous thermal history 
isluded diying in a hot-air oven at 60 C loi 48 hi 

Pi'l,issium melhylsulphale, clcelronie grade, was eiblained from City Chemical Coi p , New York, 
"s V Analysis ol 1 he compouiut gave carbon, 7 88 lound, 7 99 theor , hydi ogen, 2 02 lound 
’ 01 „ ihtor Previous thermal history meludcet being air dried at 70 I for several houis 

I III iniohuhiine The auUimatic recording thcrmobalancc has picv lously been described ''' Sample 
S' aeighid about 60 mg and were pyres lysed in an air almospheic at a healing rale of about 5 C per 

'iiniN 

l^'IjinniHil ihei nial tinalytn aiuls^as eiohilioii iippaialiis The DTA GL appniatus has previously 
M W Nmiivns, y liioi:' Nud Cheiii 22, 2T1 (1961) 

^1 W Naiuans Private tomiminitdlions Analysis of compound carbon 6 6V’„, 
''wliogen, 1 78"„ 

T Hvimman Pi ivatc conimunieation 
* *< Knirn Private communication 

'V W Wi NDi ANi>T, T D CitoRca and G R HoRioN.y Irot" Niicl (.hem 17, 273 (1961) 
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been dcsei ihcd " ' Sample sizes ranged in weight from 40 to 50 mg and were pyioly^ed in a dynamic 
lieluim gas atmosphere at a beating rate ol about 10 per min Ignited alumina was used as the 
rc lei cnee material 

Qiiiinliiatii e Dl *1 sliidic\ The gcneial procedure was the same as that previously described'’’ 
eveept that the sample and lefeienec eeampounds were contained in small Inconel cups Sample sizes 
ranged in weight liom 75 to 80 mg I he curve endeithermie peaks were integrated by means ol an 
attached Saigenl Model SR stiip-ehait reeoider eejuipped with a Disc Model 204 integrator The 
system v\as ealibiated with Hat l.2H^O, 26X1 keal mole giving a calibration constant of 

0 004121 cal pel mtegiateii eount 

\-iii\ aj>paiiilii\ X-ray ditiraelion paltei ns wei c taken on a Nesrelco ditlraetomcler manufactured 
by Philips 1 leetronics Ine using Ni-lillered t u Ka radiation at 30 kV and 15 mA 

(.ms fiiiiih s/s 4 he evoKed gases fiom the thermal dissoeiatiem ol the compounds were analyzed by 
a ( onsolidaled I ngineei ing t o Model 21-620 mass spcctrometci , a Pcrkin-Llmer Model 154-D gas 
ehiomatogiaph and a Peikin-Llmei Meidel 237 speetiopheitomeler 



too 200 300 400 500 600 700 800 

TEMPERATURE, "C. 

Fig 1 Weight-loss curves for potassium methyl- and ethylsulphates 


RESULTS AND DISCUSSION 

TGA studies The weight-loss curves are given in Fig I while the percentage 
weight-loss data are given tn Tabic 1 

From the weight-loss curves and the corresponding weight data, it is seen that 
both of the compounds gave an intermediate compound with the composition, KgSaO; 
However, the decomposition mechanism was not the same for both compounds 
The decomposition reactions observed were as follows 
For KC 2 H 5 SO 1 

KC^H^SO^Cs) K^Sp^fs) + Cp^Cg) + Hp(v) (2) 

K,S20,fs)l^!^:I^^5^K2S04(s)d SO^Cg) 

ic) yy yy WrNDLANDT, Anal Chim Ada 27, 309 (1962) 

(7) W W WtNDLANDT and T D GroRcr,/ Inorg Nud Chem 19,245 (1961) 
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1 Ol K.C H jSOj 

K,S,0,(s) I (CH,).0(g) (4) 

KjSAW— — K,SO,(s) I SO/g) (5) 

I he presence of KjS^Oj as an intermediate compound, not KHSOj is definitely 
iiidii ated This was later confirmed by X-ray data on the 400"C residues Perhaps 
(he mechanism for the thermal dissociation of KC^IT^SO^ involves the formation of 
K I (SO, which then splits olT w'ater as shown in rqualion (2) However, the formation 
ol a stable intermediate compound with the composition of K.HSO, is not indicated 
under the conditions of these experiments 

on and GE \tud\es The DTA and GE curves are given m Figs 2-4 
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A rather unexpected development was discovered m the DTA curves in that two 
new crystalline phase transitions were detected The phase transition for KC^H^SO^, 
as indicated by the DTA curve, began at 87’C and had a peak maximum temperature 
ol 93 C For KCH 3 S 04 , the transition began at I lO’C and had a peak maximum 
temperature of 120'C These transitions involved the following solid phases 

a - KCH^SOiCs)— - ICCH^SO/s) 

» - KC^H,S 04 (s) 

\ uascous component was not evolved during these phase transitions, as indicated by 
ihc coi responding GE curves 

To determine whether or not the phase transition were reversible, the furnace was 
■illowcd to cool and the DTA curve of the cooling process recorded From Fig 4, it is 
s^Lii that the transitions were not reversible and that the /3-forms did not revert back 
lo the jy-lorms on standing at room temperature for various periods of time 

On further heating, the DTA curves showed that the compounds fused, as indicated 
hv the endothermic peaks with peak maxima temperatures at 207 and 233 C, for 
K(\Hr,SO, and KCHjSO,, respectively This was in good agreement with the 
rcpoited fusion temperatures of 203 204 5 C and 228-230' C. for KC.F 15 S 04 and 
kCHiSO,, respectively Both compounds did not evolve gaseous products during 
fusion hut did so at slightly higher temperatures The gas evolution from the com- 
pounds was not a smooth continuous process as indicated by the high speed recorder 
cLiives on the GF apparatus Rather, it involved the evolution of gas from the liquid 
inclal alkylsulphatcs and took place in short sporatlic bursts The dissociation 
process was indicated by broad endothermic peaks on the DTA curves Possibly 
another phase transition was present in the KC^H-SOj curve as indicated by the small 
ciiclotliermic peak at 333"C, since it was not accompanied by a corresponding peak on 
(lie GF ciiive 

Attempts were made to study the kinetics ol the dissociation process by recording 
the gas evolution under isothermal conditions but they were unsuccessful due perhaps 
lo the sporadic nature of the reaction 

Heals of ncinsUion studies The heats of tiansition. A//, for the y - ► // transition of 
ihe metal alkylsulphatcs were dctci mined by quantitative DTA techniques This 
iccliniquc IS based upon the premise that the area enclosed by the DTA peak is 
cialcil to the heat of reaction. A//, by the relationship 


peak area 



A7 dt 


\Hni 

h 


whcic A7 IS the differential temperature between the sample and reference material, 
h iikI I, arc the time at the beginning and end of the reaction ni is the mass of the 
1' live sample, 7 is the thermal conductivity of (he sample, and g is the geomeliical 


' ipc constant for the apparatus By calibration with a compound of known theimal 
"iMiioiis, a constant. A, is obtained, so that 


A// - f'-’ATJ/ 

^ n Bi-kkuhamir, I A Pask am! B 0\\i\ V S Rm Min leih Paper 

'' 1 7 Anier Ceiani Sac 38, 2KI (195^) 



^42 


W W WrNDLANDT and L SruRM 
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was nu'iioclinit also It should be noted that a- KCoHjSOj is a rather unstable 
compound due pci haps to the reaction with water vapor to give 

KC.H.SO, , up -KIISO 4 : C.HpH 

A sample ol the y-form ga\c seveial X-ray lines of KHSO, after standing in a capped 
container at loom temperature for about four months 

X-ia) dilliaction data on the intermediate compounds formed at 400'^C are given 
in Tables 5 and 6 . T he mtei mediate compounds consisted mainly of KjSjO^ w'hich is a 
conhrmation of the data found Irom the weight-loss studies A numbci of (/-space 
values were lound in the KCH,SO, mtei mediate eompound vvhieli were identieal to 
those ol the oiigmal sample These lines were piobably due to a small amount of 
undecomposed KCHjS(4| 

ti iiwnh the lulplul assist intc ol Mr J lloiiiiiui is gialetiilly acknowledged Ihi. 

cvinlinued inlLiest ind asMsianee sd l)i M \V Nai 11 \ns is greatly .ipprecialed 
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thermal decomposition of metal complexes— ITI 

srOICHElOMETRY OF THE THERMAL DISSOCIATION OF SOME 
HEXAMMINECOBALT (III) COMPLEXES 

W W WCNDLANDT 

AFOSR Center for Molecular Research. Oeparlmcnl of Chemistry 
Texas Technological College, Lubbock, Texas 

(Received 20 Aii^ml 1962, in levned jorni 10 Ocinher 1962) 

Vhstract -The stoicheiometry and piobable decomposition sequence lor the thermal dissociation of 
[t o( Nl Idol’ll, where X is Cl, Br, NOn, and [CotNHjljl.tSOda 2 511/), are presented Dilferential 
ilKiinal analysis and gas evolution cuives are presented for each of the complexes The data shows 
ill It ihc icduction of Co(IIl) Co(lll) is due to ammonia, lorming NH ,X(X = Cl Br or SO,) and 
iinio!;cn No fiee halogen could be detected One to the presence ot both oxidi/ing and reducing 
,;ioups [CotNUaloKNOj), decomposed m a dillcrent manner than the other three compounds 

Bn 1 /'" was the fust to investigate the thermal dissociation of several hcxamminc- 
tobalt (III) complexes He found that [Co(NH ,) 5 ]CI, decomposed m tw’o steps 
Ills (list step, at 2l.‘i'’C, in an ammonia atmosphcie, resulted in the formation of 
[( o(NH,)r,CI]CL and ammonia In the second step, the pentammme decomposed, 
alien heated to 2^0’C, to give CoCI,, NH,CI, ammonia and nitrogen Similarly, for 
[( o(NH ,)(,]PO|. It was shown to decompose, at 190 200"C in a carbon dioxide 
alniospheie, to give C'cePaTT-, ammonia, vvatci and niliogcn The stoicheiometry for 
both theimal dissociation reactions was detci mined 

Ihc above woik was confiimed by Ciark ci foi the chloride but the 

dscoinposUion temperatures were somewhat lower and also a residue of CoCI_.2NHjCl 
\ias obtained The lattci resulted fiom thoimal dissociation at 2f)0'C undei vacuum 
hill It wasslatetl that thiscomposition may befoiluitoiissmcea subliniateof NHjCI was 
iNo noted Probable mechanisms foi the thcimal dissociation of [Co(NHj)-NO,]C ■.> 
iiiB ;t o(NHj) ,(NO,),] wcic also presented Both of these compounds gave Co,Oj. 
mill gen, water, ammonia and Nil, Cl (the last two for the chloride only) Only 
intagie quantitative data was presented, however, to substantiate the reaction stoichc- 
lomuiv 

N'oro recent work on the thermal dissociation of [Co(NH,), 5 ]CI,, as studied by 
iIki iiiogiavimctric analysis (TGA) and dilTcrcntial thermal analysts (DTA)'’-*’, 
h.owi,,! the presence of new intermediate compounds T he thermal dissociation, m an 
ii'iMionia atmosphere, proceeded according to the sequence [Co(NH,)g]Clj 
C)( k NHj NH,C! CoC), NH,-TK2-y CoClj-C2-y Co The naluie of the 
wiliiciion of Co(lll) - »• Co(ll) m step one was lathcr obscine Isotheimal heating of 
' clilondc at 215-220"C gave [Co(NH,),Cl]CL although a DTA study showed 

Hill/, chein 83,177 (1911) 

*' I t i VKK, A J Quick aiul W f3 Hvrkins, / Anier Clieni Soc 42,2496 (1920) 

' IxiKiDY A S/URKos P Krobl and L Kckloy, Atud Rep popnluie Roiinne Fdiala Clnj 
'''‘il/i, < iuaaii ( him 9, 79 (1958, 

* M kioY A SzuRKOs, f KcKmY and P Krobi , Aim/ Rep popnlaie Ronnne, niiala Cluj 
w,,,/,, u-icdwi Chim 9, 91 (1958) 
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that |Co(NHj)- ,CI|| rJCK - v\as an intermediate in the icaction A DTA study, in an 
<111 <itnH)splicrc (4) sliovscii tli<it /-[C'o(NH ,)|CU]CI was foimed, this was then 
transldimcd to i -(Co( N H ,)iC h]CI on fuithci heating 

PicMOLis rCiA <ind 14 I A studies on scveial amnimccobalt (III) complexes lia\c 
been nuide in this I abouiloiy * ' ’’ Although the minimum decomposition lempcra- 
luics and Ihcimal edects wcic iccoided the stoichciomelry <is icvcaled by analysis of 
the Iheimal dissociation pioducis was not deteimmed It is thus the object of this 
invcstig<ition to deteimme the stoicheiomeli^ o( the theimal dissocnition reaction 
b>i scscia) complexes of tlie t)pe {Co(NH,)|,lX, where X is Cl. Bi NO,, and 
Ko(Nll,)J,(SO,), 

1 \1>I Rl MLNTM 

I'npaidiion <tj I oiiipli \i lilt. Liiinpoiintl', [( i'( NH ,),J\ , (X Cl, Br X(),) wca piep.licd 
.lesoi dine U) I lie pioecdtiiee as pievuaislv elesci ibed I he eoiupound [Ci'tNl t,.),. 1.1 SO ,) , 2 50H () 
was picparcd as picsionslv desei itse'd "" 1 he eomplexes wele anaivseel in Ihc tollowing mannei 

(. 1 ) ll.illdc hv HplNO,) iitiaiioii using sodium niirupiiisside as indicator, lb) cobalt by ignition to 
coh.ilt halide oi osidc cilliei undei mil ogeii oi an (e| ammonia by ibe Kieldalil melhod, (d)w<ile'i 
by delivdi <ilKin 111 a helium ,ilinospheie and eiilleelion m .| laied BaO Idled IJ lube 
the lesillls ol Ihe malvses ale gl'eii below 

LCo(MI,)„lCl, Cl WJ7h"„lound tu 76'’,, eale , Co 22 0f>"„ (oiind, 22 OV’,, eale , Mt, 
17 .S4'’„ found, tb 20''„ e.ile 

|Co(NH,)JBi, Bi,ss)47",_toLind, 5‘).Hf'„eale ,Co 14 72" Jound, 14 70"„ eale NHj 24 S6" , 
tound 2s4')"„eale 

[C o(MI .IJtNOdi ( o, 16 Xh",, l.iund 16 US eale Ml 2K 45 found 29 43 ealc , 
(ColNUp.J.ISO,), 2 sll.O, 11,0, 6 70'’„ tiHiiHl, 6 S7''.. exile , C o, 173r’„found, l79X“„Lale 
Nil , 29 42 (ouiid tl IS",, eale 

!)'[ I (111(1 GL \ii((l(( s rile smuillaiicous I>1 A and gas esolulion (CM ) eiii scs were determined on 
lilt appai.iiLis piewiouslv deseiibe'd Sample si/cs i.uiged m wiigin Irtmi 40 lo 50 mg and wcie 
decomposed m a helium ainiosphe'ie (flow-iate ol lUOmImm ') <ii a be iimg laie ol 10 I C’ the 
outjiut voltages liom the OTA d e .impliher anil the thermisloi bridge eireuit wcie recoide*d as ,i 
tunelion ol tuinace lempeiaUiie’ on sepaiale X-Y recoidcis Oupheale and Inplicate samples gave 
resultant peak lemperaUiics which were wilhm I pei eeiil rd c<ieh other 

Andh of (l(((iiii[h>\iii(iii jv (hlKcn The ammonia was dckimined in ihe lollow'ing manner i 
sample ot the compound was |ivrol\scd m an enclosed Vycor glass lube-furnace tin ough which llowcd 
a stream ol helium gas ar a flow-rale ol 50 ml min ' The evolved ammonia m the helium gas slicain 
was eolleeted in standard 0 06 N Indrochlonc acid the cseess acid, afler the lun, was llieri baek- 
lilraltd willi 0 06 N sodium hvdrovKlc, usmg a Fisher Scienlihe C o 4 iiiimtlei 
I he water iii llie decomposition gases was detei mined as dcsciibcd pieviously 
The mlrogeii and other t;ascous decomposition piodiiels were determined, iioni gas samples 
collected by pyrolysis eil the complexes m a vacuum system, by mass speelrographie analysis using a 
C'onsolidaled t ngnictring C orp Model 21-620 mass speeUoiitelci The NH , and N,;C)-NHj 
ratios were determined irom standard samples containing the above gases 1 he lesults obtained m the 
mass spcetiographic analysis vveie probably only good to about 5 per cent 

The amount ol residue of the decomposition reactions weie determined by weighing 
The .ammonium compounds such as NH|CI NH,Bi etc , were not dctcimincd t]uanlil.i(ivcly due 
to csperimcnlal dithcuhies In all eases, liowtvci these compounds vvcie delected in a qualitative 
manner 

(.1 W W Wl NiiLANiir fev J Set 10,271 (I95X). 

ir.j w W Wi NiJi ANDT. T D GioRiiiandK V Kkisiinamurty, 7 liKicp N((il Chem 21,69(1961) 

W W Wi NiiLANDT and J I Bfar J Ph\s Chon 65,1516(1961) 

J Bji KRUM and J P McRiynoids, Iiwi^umc S)nihe\<\ (Fdited by W C Fernelius) Vol 2 
p 217 220, McGraw-Hill New York ( 1946) 

S M tfiRc.i NSi N, Amin; C hem 17,458(1898) 

W W WrNDLANDT, /lnn/v( C /nni 4c (a 27, 309 (1962) 
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RESULTS AND DISCUSSION 
1)1 A and GE lesidls The DTA and GE curves are given in E'igs 1 4 respectively 
The DIA and GE curves for [Co(NH ,)^]C1, gave only slight evidence lor the 
loimation of the pcnlamine, [Co(NHj)r,CI]CI», as previously reported " However, 
this may be due to the faiily lapid heating rate employed The compound began to 
decompose at about 200 ’C, somewhat lower than the 215 and 240 C decomposition 



TEMPERATURE, ‘C 

Flo I Ditrcrcnlial ilicrmal aiialvsis curves ol hcxammintcobali (III) complexes 
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I K' 2 DilTcrenlial Iheimal anahsis curves ol hexammmecobalt (111) (.omplexes 
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temperatures pieviously reported in an ammonia atmosphere The first endo- 
thermic peak maxima temperature was 280 followed bya second broad peak between 
300 and 375 ’C Only a small GE peak was noted in this latter temperatuie range which 
indicated that the decomposition product was cither a slightly volatile substance such 
as ammonium chloride or that only a small amount of gas was evolved 

Similarly, [Co(NHj)b]Br 3 , began to decompose starting at about 200^C and gav' 
two peaks with peak maxima temperatures of 240 and 325°C, respectively The Gi 
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^.unc revealed that both of these endothermic peaks involved gaseous decomposition 
products, although the origin of the second GE peak may be the same as in the case of 
IColNHOJCl, 

The nitrate complex, [CofNH^lJCNO,)^ gave two small exothermic peaks, at 220 
and 2^0'’C, respectively, followed by a shaip endothermic peak at 235 C, and then a 
I iige exothermic peak at 240'’C The highly exothermic nature of this reaction may 
be seen from this curve. The GE curve showed the presence of exolvcd gases from 
:i0 to 250''C 

I he sulphate complex, [Co(NH,\]^(SO,), 2 SH^O, gave a rather complicated DTA 
Liii \e The first bioad peak, centered at about I60'"C. was rather difficult to interpret 
since a weight-loss curve showed that the compound was stable up to about 220 C 
I Ins peak may be caused by the evolution of a small amount of adsorbed water since 
ibe GF cuivc also had a small peak in this temperaliiie range The next senes of 
Liidolhcimic peaks began at about 210 C, giving peak maxima temperatures of 240 
and 270 C , lespeclively, witli a shoulder peak at 280 C Addition.il cndothcimicpeaks 
I'.cie obscived at 365 and 430 C , respectively All of the reactions involved a gaseous 
decomposition pioduct as evidenced by the GC curve 

Sionlieiomeliy of icaclioii The results of the icaction stoicheiometry studies arc 
eiwii m Table I 

Fiom the data m Tabic I, the compounds, and [Co(NHj)e]Br,, 

decomposed according to the reactions 

6[Co(NH,)JCMs) 6C’oCl,(s) ' N,(g) ONH^CIfs) ’ 28NH,(g) 11) 

6[Co(Nll,)JBi j(s) 6CoBi,(s) ' N^(g) 6NH,Bi(s) , 28NH,lg) (2) 

I he decomposition stoicheiomctiy of [( o(Nf f ,)„]C 1(. m helium, was identical to that 
picvioLisly presented (2) except for the formation of the penlammme intoi mediate 
Ihc pcnt.immmc may only be foimed if the pyrolysis is earned out m an ammonia 

ilniosphere or at an extremely slow heating rate (3) As can be seen the bromide 

disMiciated 111 a mannci sinulai to tliat o( the chlonde In neithei case was chlorine 
1)1 hi omme detected in the decomposition gases The leducmg agent foi tlieCo(lll) ► 
( >’(ll) leaction is appaiently ammonia although it was not possible to detect the 
iiaiisitory existence of the ficc halogens, had they been formed in the reaction 

A probable decomposition sequence vvliitli accounts for the thermal dissociation 
'd llic chlonde or bromide complexes under Ihc above experimental conditions is 
( k ( I oi Br) 

6[Co(NH, ),]•>' ; I8X - 6[Co(NH,)-,\]- I2\ 6NH, 

6[Co(NH,)5X]- I 12X s6[Co(NH,),X,] 12NHi 

6Co(NH,),X, 6CoX, 6NMjX N_, lONH, 

^ "iinly, from the GE cuive. the greatei part of the ammonia is evolved in the 
"'I 3()0’(.’ temperature range The smaller GE peaks could icsult from the nitiogen 

I ammonia evolved in the last step 

I fie sulphate tomplex, [Co(NH,)fc]^(SOi), 2 50HjO decomposed in a manner 
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t Based upc'ii mass spcetiogiaphic analyses 

iimiLir to that found foi the chloride and bromide compounds The data (ound 
agreed quite well with tlie reaction 

6[Co(NH,)J,(SO,)j2 5H,0(s) l2CoSO,(s) i N,(g) 

6(NH,)^SO^(s) I 56NH,(g) 1 15H,0(g) (4) 

The ammonia to cobalt ratio that was found agreed well with that found for the 
:hloride and bromide complexes No other gaseous decomposition product W'as 
ound by mass spcctrographic analysis I he decomposition sequence is probably the 
>dme as that for the chloride and bromide complexes 

The dissociation of the nitrate complex was decidedly more complex The data 
'ound agreed well with the reaction 

12[Co(NH,y(NO,),(s)^> 4Co,0,(s) | 18NH,(g) + 7N,0(g) 

-I 73H,0(g)-i 4NH,NO/s) |- 34N,(g) (3) 

Only the gaseous compounds as given in the above reaction could be detected by the 
mass spectrometer Other oxides of nitrogen, such as NO and NOg, were not detected 


Thermal decomposition of metal complexes- III 5sl 

(he NT3 tn the dctomposition gases was identtfied from the prominent peaks at m/e 
latios of 44(100 0 per cent) and 30(31 1 per cent) This was confiirned from the 
liteialLiie*''' and from the spectrum of a known sample of N^O 

A possible decomposition sequence which accounts foi the thermal dissociation is 
,s (ollows 

12[Co(NH 06]’' i 36NO, 12[Co(NH,)-,NO,]2 24NOj ; 12NHj 

! 2 [Co(NH,)-,NO,P‘ 1 24NO, ^ I2[Co(NH,),(NO,),l ' 12NO, - I2NH, 

7NO, * 7NH, ^7NX) ! 7Hp f 70H 
12[Co(NH,),(NO02]^ I 5NOj 1 70H >4Cop,CoO 

( 4NH,NO, NH, I 34N, 66H>0 

I Ills dissociation leaction is ditfcrcnt from that picvioiisly obtained for the nitro- 
soiiiplexes, [Co(NHj)r,NOj]Ch and [Co(NH,),(NO_,),], wheie only nitrogen, water 
Mid ammonia wcie tound Hovvevei, the identihcation technique previously 
Linployed may not have been sensitive enough to eletect other gases 

l, The helpful assislance of R G Slwili T D (iioKe.i and J P S\ii i ii is gratc- 

lulK aeknowleilgcd I his «oik was suppoiled by iIk U S Air foiee Otliec ol Seienlihe Research 
ihuaii;h C otilrael No A1 -49(f>t8)-787 

\iiiLi Pelioleuin Ills! , Rescareli Proj 44,seiialno 06 Caine gielnsi Iseh (1052) 
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PSEUDOMORPHIC DECOMPOSITION OF URANIUM 
PEROXIDE INTO UO, 

E H P CORDHJNKL 
Reactor Centrum Nederland, Petten, Netherlands 
and 

A A VAN DFR GllSSlN 
Philips Research Laboratories, L indhovcn, Netherlands 

{Receiietl 5 Ocloher 1962) 


Nlistract In the decomposition of pure UO, 4aq into amorphous LOj, inlcrcsling pseudomorphism 
sas observed by means ot electron microscopy If the peroxide contains small amounts of nitrate, 
iliei mal decomposition leads to crystalline a-UO i, which transformation is accompanied by a change 
I 1 si/c and shape ot the particles 


In a previous papei<‘* it was reported that y-UO,can be foinicd by decomposition of 
l'(),2ac| containing some nitrate The thermal decomposition of pure UOj 2dq 
below 460 C. howcvci. results in amorphous UOj These transfoiniations were 
si tidied in greater detail by means of election microscopy The results presented m 
ihis paper, demonstrate an mtcrcslmg case o( pseudomorphism 

rXPLRIMLM AL 

Simples of UO, 4aq wcie prepared as starling mateiials (or the preparation ol amorphous 
I O, or -/-UO,, by precipitation with hydrogen peroxide Irom a solution of uranxl nitrate In 
n Is SCI ics of piop.iralions the precipitates were cardullv washed with v\ uer while in another senes 
ihc washing proccduie was omitted, the latter method leading to pi oducls containing some nitiaie 
”ip to S p^i cent) The precipitates, dried below 50 (_ base the composition LO, daq ' Ucciion- 
innoscopc photographs were made, using a caibon rephea technique in order to avoid heating of 
9 ' simple by electron bomhardment 

RI'SUI rs AND DISCUSSION 

\Vc have studied the thermal decomposition of pure UO, 4ac| (senes A) as well 
IS of samples containing some mtiate (senes B) The prepaiation is desenbed in the 
'-spciimcnlal part Electron-microscope photographs together with X-iay diagiams, 
iaiwed that the starting material {U()|4aq) in both senes consisted of the same 
sstallme needles (Fig. I) The X-ray diagiams can be indexed by means of a 
onoclinic cell with r/ ll85A,/> 6 79 A, r 4 25 A, /( 93 37'’'* flic shortest 

'Is ti ) IS found to be along the length of the ciystallites 

Mter heating product A foi 2 hr at 80 C. UO, 2aq is foi med without change m size 
d shape of the particles (Fig A-2) Accouimg to Z\( iiariasin'" tins matenal is 

' II 1’ C3)RnnjNKi,7 Irion; Niic! i hem 23,285 (1961) 

' Sxio, Ndturwiwemciiafleii, 48 (1961), 668 and 693 
■’ < Dnins, y Iiioii; Niui Client In picss 
'• 11 /a( UARiAsrN, t' K -1 367 ( 1944) 

SSI 
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orthorhombic a 6 50 A h 4 21 A, < 8 74 A X-iay incasiiicmcnts showed il, 

/>-j\is to he aloiiLt (he leiiitth o( the iiLodlcs I his pioducl when heated further to 
400 4^0 Cdunni: I 2 In, detoniposes loamoiphoiis L'O, bid again no change in si/., 
and shjpt can be obsei \ cd I /iis is shown in / ig A-2 It is interesting to note the lint 
Msib/e on Ihe images of the pirlit/es allci heating VVe assume that these aie m 
rea/itv tiaefs foi lucd b\ Ihe escape i>l oxygen The amoiphoiis chaiacfei of this UCJ, 
was Tcxealcd b\ lire cntiielv dilTtise Debye Stherici X-tay diag/ams Some crystal- 
linit) IS mdicated b\ an eleclion-diirraction diagiam (C-i) The small number of 
lenttlions which ate to be seen m this (iguie may be due, howexei, to the exposuie 
(7 see 80 kV) trt the particle to the election beam (sec below) 

When the amoi photis ( JO j is heated at 500 C a psciidomoiphicciystallization takes 
place as lexealed by a sh,iip X-ray diagram The product, after piolonged heating, 
piob.ibly h.is Ihe composition IdX,, When this Irealmg is earned out in less than 
Iwohouis 7-lJO,oi a mixtme ol 7-UOj and OO^,, is obtained,*'’’ which can also be 
pioduced by lapid heating ol pioduct A-2 at 500 C (Tig A-4) A long exposuie 
ol .imoiphous IJO, to an election bc.im (30 sec, 80 kV), probably on accenmt of the 
beat gencr.itcd, also causes ciy stalli/ation, again without change in thegeneial shape 
of the particles (kig ( -3) The election difliaction pattern obtained (Fig C-2) is 
that of 7 -LjO, *'> F’lom a luimbei <rf these patterns of single needles it could be 
deduced that the c-a\is is pei pendicular to and the i/-a\is parallel to the length of the 
LT), needles, as indicated in Fig C-1 

Samples of series B show a ditfeient behaviour After heating (2 hi) at 80 C 
LJO, 2ac| IS again obt.iincd, but now with paiticles of a completely different shape 
(Fig R-2) When this sample is heated to 200 C an amoiphous, hydiated ^JO^ is 
formed, which on fuithci heating (425 C) crystallizes to 7-UOj, with retention ol the 
shape ol the paitidcs I he same final (Fig B-3) product can be obtained by heating 
pioduct B-2 lapidly to 425 C' The scheme given below may illustrate the expei irnents 


Senes A 

(withouc nitrate) 


Scheme 


Senes B 

(containing nitrate) 


UOj -taq 
2 hr at 80 C | 

Y 

UO, 2aq (Fig A-2) 

425 C 


amorphous UOj (Fig A-3) 

500 C I 
r 

UO, ,(or'/-UO,) (Fig A-4) 


500 C 


UO. 4aq 

2 hr at 80 C y 

UO, 2aq (Fig B-2) 

200 C I 


Y 

amorphous UOj aq 
425 C I 

Y 

7-UO, (Fig 


425 C 

Y 

B-3) 


* The cryslalli/alion of amorphous UO, was confirmed by means of DTA-analysis, showing .in 
exothermic cryslalli/ation peak at 480 C 

H R lloi KsiRA and S Sirt.n J hwn; Mud C hem 18,154(1961) 

F H P CoRoruNM and P Ai ist,, Rec hao (him In press 
W tl ZACiiARiAsrN, dfla C lyol 1,265(1948) 
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P^euclomorphic decomposition oi uranium peroxide into UO 3 555 

rhc decomposition of pure UO4 4 aq into UOj 2 aq amorphous UO, and finally 
I 0 , via UO 4 2 dq thus occuis psciidomorphitally If the starling material contains 
iiiliate, however, the form of the crystallites changes during decomposition into 
l i(),2aq at 80 '’C, but remains practically unchanged during the subsequent thermal 
decomposition into ^-UO^ 

UknowU'di^cments The authors wish to express their gratitude to Mr H B Hacsstra and his 
Aoikers of the Philips’ Research Laboratories lor the caieliil way in which they prepared the 
, kilion-miLioscopc photographs 

I he authors are imisli indebted to Prof Dr J A Ooiokimih and Dr J Dt Jo-vc.f for \aluablc 


v' cussions 
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DIMETHYLGERMANIUMSELENID 

M St HMiDT und H Rbr 
Institut fur Anorgantsche Cheniie der Utuvcrsilat Marburg 

( Rec eit etl 2 Oclohci 1 962) 

\l)^lratl Dinielhylgermaniiinidichlonde reacts in benzene solution with sodium sclenidc, (orming 
,11 cood yields tninenc cyelic dimethylgcrnianiuin seicnidc ((CH3)^Gc Sc], and sodium chloride 

I (, Rotuow*" crhicit bet niehitagigcr Emwirkung von SchwefelwasserstofT auf 
I )imcthyldichlorgcrman in Wasscr Diniethylgcrmaniumsulfid, uber des^icn Molekul- 
■ losse allcrdings keinc Angabcn gemacht werden Die Hydrolyse dieser Verbindung 
licicttc das cbenfalls noch unbekannte Dimcthylgcimaniumoxyd in letramercr Form 
ils Achtimg 

Nachdem uns die Synthese cincs iingformigen Diorganlyzinnselenids*-’ und 
I iiigloi niigei Diorganylsiliciumsclenide'** gclungcn war, haben wirauch die Darstell- 
ung des Selen-analogons von Dimethylger-nianium-O'cyd und -sulfid versucht Zu 
dicsem ZwccL wurde fein gepulvertcs Natriumselenid (dargestellt aus den Elementen 
111 llussigen Aninioniak'^') unici Stickstofl'-atmosphaie in absolut irockenem Benzol im 
Molveihaltnis 1 1 mit Dinietliyidichlorgerman umgcsctzt Bercits bei Raumtempe- 
laiui scl/t cine Rcaktion eiri, die durch Rucklliisskoclicn vervollstandigt wird 

v(CH,,),GcCl. + V Na,Se- z2\ NaCI i [(CH,)>GeSe], (1) 

Die diiicli Abhitneicn vom gebildcten Koclisal/ getrennte gelbe ben/olische Losung 
hintcilasst lUch dem Abziclien des I osungsniittcls cm zahfiussiges gelbes 01 Unter 
cinciii Duick von 2 Toir destilliert es zum grossen Toil obcihalb 90'C, wobci jcdoch 
die Sicdetcmpcratiir dauernd ansteigt Das piachlig gclb gcfarbte, viskose Destillat 
' isi ml beini Abkulilen zunaelist zu einci wachsaitigcn festen Masse, aus dei sich bti 
la histundigem Stclicn grosse, laulcntoiniigo Krislalle abschciden Nach ctwa 2 
l.iiicii isl del giosste Fed dcs Dcstillals kiistallin Die faiblosen Kristalle werden 
liiich Abpiesscn zwischen Fillrierpapicr vom anhaftenden OI befieit Aiialyscn und 
siMwkopischc Molekulaigcwichtsbcstimmiingcn zeigcn, dass cs sicli bci dcr Vctbind- 
aiic inn liimercs Diinctliylgci maniumselenid, also um cinen Sccbsring aus drei 
Fi iinanmm- nnd diei Selciiatoinen handclt 

CH, Se CH, 

Ge Ge 

CH, Se Se CH, 

Ge 

CH,'' CH, 

G Ro( now J Aiiiei Client Soc 70 1801 (I94S) 

' S( iiMusi und H Rviv, Her Dtsi/i ties Client Im Duick 
S' MMini und H Rui , z' 4jior!,' C hem Im Druck 

kUMsi, H SonoMANN und P 1 nnc.missir / (iioii,' (linn 241,281 (19)9) 
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Ini Cicgciisut/ 7iiin analog gehaiitcn, gciuchloscn ttimcrcn Dimc1hyl/innscIenid<-> 
ncchl die Substan/ iceht unangcnclim (Selenvcassci stolT'’) allctdings nicht so intcnsiv 
w ii_ das dinicic. iind tiiincic Diniclhylsilitiuinsclenid.**' was sicbci mit dci Bcstandic- 
keil gLgLiiubci ] ciichligkcil /usamincnhangt Wahiend die Zinin ci bindimg selbst 
\oii koLliendcm VVassci nieht meiklitli angcgiitlen wild,*'’ die Siliei umvei bindung 
dagsgen schon \on (eiiehtcr Lufl wcitgeliend zesetzt wild ist das bci 53 C schmel- 
/ende tiimeie Dimcllnlgei maniumseleiiid gegen kaltcs Wasser noch zicmlich langc 
best indig krst beim Crwainicn nnt Wassci lull iinler Ziselicn Hydrolyse ein, wobei 
Selcnwassoi stolF entsleht 

Idei gelbc wathsailige Destillationsi iiekstand losic sieh, obw'olil ei aus bcn/ol- 
iscliei 1 osung eilialten wuide, luii noeh teilweise in Ben/ol IZs handelt sieh dabci 
wolil Lini ein Cjeiiiiseh \ ei scliiedenei pol\meiei Dimetliylgei maiminiselenide, die 
bei del DcslillalionstLiiipeialiii <uis dei tiinieien Veibindung entstandeii sind Da 
dieses Cjeniisch nieht weitei geieinigl veeiden konnte, liefein die Analysen niii sehi 
Lingenaue Welle 

h\PLRIMLN 1 I LLLS 

Shells N I'l iiimmoncne'Iciiid wunlen unler Si n.ksU>llalmi)sphare mil clem Rulirmagneteli lein 
/eimahleii und nut 't) ml absolutein Heii/ol aufgcsehlaninil Unlci Ruhren liopitc m de'i 1 eslge'einc 
1-Osung \on 6 6 g Diine'lh> Idielilorgei man iKp 1 IS (_) in 50 ml abscsiutem Ben/ol aus einem diopl- 
liiehWr langsam /ii elieser Nulschlammung Die eingtsel/len Meiigen Selenid mid Oeimanuiin- 
\Libindung enlspieeheii eiiie'in Mobe'i hallms eon 1 I Sehon bei gewohnliehe’i Icmpcialui Hal 
Reaklion ein veahieiid sieh die Reaklionslosung merklieli e'leeaimte und die aufgcschlammten 
I estslolD bratin-ioie baibe annahmem Naeh emer halben Stunde eeurde das Rcaklionsgut weiieie 
30 Mmuten am Ru.-kllus', gekoeht und dann erkallen lasseii Die ben/olisehe Losung Hess sicii 
miUels einer tjlaslnile dmeh 1 illralion unler Lultausseliluss vem ausgeschiedeiiem Nati lumeliloi id 
tie’nneii 1 et/teies eear, eermullieh duieh Selenabseheidung rosa gefarbt Das ben/olisehe billial 
war von intcnsiv gciber laibe Naell der Destiilation cles Benzols blieb ein gelbes, unangeiiehin 
1 leehendes 01 als Rueksland ubi ig Dieses t)l dcstillici le ini Vakiium bci 2 I oi r /ev isehen ‘10 und 1 20 C 
als sehone eiskose, gelbo, duiehsehcincndc Hussigkeit in die Vorlagc Die Siedtlcmperaiur wat 
nieht konstant, sondein stieg eeeiter an Dureh Destination konnte keine noimale Fraktioniei ung 
durehgeluhrl veerden Daher eeurde die Dcstillalion unleibroehen naehdem die Sicdetemperalui 
120 C crieieht hatte Beim Slehen des /ahflussigen gelben Destillals uber Naehl knslallisiei le das 
Dl teilweisc aiis, eeobci sieh praehtige, rautenlormige, durehsiehtige K i istalle bildeten Diese Krista lie 
wurden mit dem Spatel aus dem OI herausgenommen und das anhartende OI aiif l illerpapiei abgep- 
ressl So konnte das Preedukt larblos erhallen werden Der Sehmel/punkt belrug 53 C Derkiislall 
me Korper hat seheeaehen Cicruch nach SeleneeasscrstolT und ist an dei Lull bcstaiidig Der bcidu 
Destination als Ruekstand verbliebene T< ilerstarrte beiin trkalten und eear von eeaehsahnliehc i 
Konsisten/ r^H.^Gc^Sej (544 S) ber C, 13 2, H. 3 1, Ge, 40 I, Sc, 43 6 gef C, 13 8 , H 3 2, 
Ge, 39 9, Sc, 42 4 Molgceeieht (kryoskopiseh m Ben/csl) 521 5 

Aiicrkeiim//i" -Der Union Minierc du Haut-Katanga, Brussel, danken evir fur koslcnlose Ubcrlassiing 
von Gcrmanuimmctall 
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AQUEOUS SYSTEMS AT HIGH TEMPERATURE IX 

INVESTLGATIONS ON THE SYSTEM I i.SO, H.SO^ H.O AND ITS 
D.O ANALOGUE, 200-470 C SOLUBILITIES AND CRITICAL 

PHENOMENA*! 

Win lAM L Marsiiai L, Ru in Sliah! R and Fki D J Svinut 

Real. lor Chemisliy Division, Oak Ridge National I aboialciry. Oak Ridge Tennessee 

{Receiretl 17 Scpleinhn D62) 

Vhstraet The soIubiliUe's ol I iiSO,in II.SO, JLOandin D^SOj DjO soliiUons in eejuilibruim \s ilh 
\ ijiiiLir v\ere deteiinined at ttniperaUires betssceii 200 and 150 C , and at eoneentrations ol flee aeid 
Ironi 0 to I 5 niolal Solubilities in ILO media at 200 \aiicd lr<)m 2 75 m in ITO to 2 82 ni in 0 85 rn 

I I SO, and at 250 Irom 0 1 18 ni in H_0 to 2 28 in in 1 4b m 1 LSO, C oi responding solubilities in 
D,() media were from 10 to 40 per ecu t lower I he solubililies of stoieheiometi ic Li jSO, .n H .O were 

III good agreement with those published leeeiitly by Li imnskas a and Rasich lempcraturcs of 
el iiie,il phenomena (where lic|iiid vapour) varying between 274 .ind 470 were determined v isually 
loi solutions of 1 i.SDi, OjSOi, and D4> at eonecntiations of SO, Irom 0 02 to 2 5 motal and at 
inolal ritios, i)i \ , o iiisii,. v.iiying fromO to approximately 0 5 At higher molal ratios than about 

0 5 ,iiid at eoneentrations ol SO, of approximately 0 05 m and above, Li.SO, erystalh/cd from the 

1 iquid phases 1 he (ot mat ion ol DSO,“ ions ean be icsponsible both lor the high solubility eif lithium 
[ii tile siiperei it teal (liiid and, except at low SO,m(>lahiies the limit ol the ei itieal eui ves to i maximum 
rnol il latio neat 0 5 

I I w at|Licmis systems involving SO, as one component .ind eontaimng an excess of 
.ickI have been invcsligatcd at temperatures above 200 Some detailed studies, 
howcvoi h.ive been made on alkali sulphate lEO anti alkali sulphate alkali hydrox- 
kIc HjO systems mote rctcntly by Rxvk II tV d/ and earlier by Sr hroi DfR et a! 

Rceeiiily at tins laboraloiy, in an investigation of the condensed sv stem NiO-SO, - 
lid) and Its D,() analogue at tcmperatuics up to 400 nickel sulphate was found to 
hvtliolyse to form o\y-sulphate solids in solutions containing low concentrations of 
SO, even in thcisc containing an excess of free ILSO, Determinations of critical 
plivnoinena (where lK]uid vapour) showed stable concentrations of the NiO 
’ unipunom as high as 0 1 molal in a supcrciitical fluid 1 0 molal in SO, A study of the 
' I’lidciiscd system Li,SO, H^jSO^ ILO and its D^O analogue was considered desirable 

III Older to compare the solubility relationships of a 1-2 electrolyte with those of the 

I his paper is based upon woi k pei formed at Oak Ridge National Laboraloi v w hieh is o pc rated 
> f niuii ( II hide C'oi pot ation foi the Li S Atomic Lncigv (-ommission 

bummer parlieipjnt, lybO, Present Addicss Dcpailmcnt ot C hciiiistr> Louisiana Slate 
lOersiiy Raton Rouge, Leniisiana 

I’ll MOHS Paper in Senes The SohthilUv of VJO^ HmIioic-, tnXWO, H .O So/huo/o 25 '50C,10< 
in /Viiialc. W 1 Maksmai L and R Si usiikk J Inon; hiiicl (htin 25, 282(1902) 

I Iioi;i Maukt Mum Miiiki. ikoJ Mink SShR 4. 122 ( I9s9) (Rev icw) M I 

I' u I I UoRovAYA and V Ya Kn kov k ii, /)oA/ /ikinl iXaiik A A S' R 77. 617-20 (195|), 

1 RAVKuanelL E Borov ay a, Ai'A/oiu / Ihu/ , 7 / 6 / O/nhchei i \eoi!,' Mum -ikml 

\uiik S s S R 26,229-41 (1955) 

2 Si iiRoroHR, A Ciaukii i and L P Parirmjoi,/ •\i>wi Cheni Soc 57,1529 (1925) 

I Marshaii,! S Gill and R Siumiir J Inoii; Nuct Chem 24,889 (1962) 
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2 2 cIclIioInIc \iS(), Lillii'im Milphatc was cspcLially selected lor study because of 
tin. anomalies in physieal and chcmieal bchavnnu cshibitcd by lithium salts, its 
potentialities as an addilisc lo sulphate-based aqueous, homogencous-icactor fuels 
fm inhibiting eoriosion*’* and its ability to laisc the tempeiaturc ol appearance of 
1i(|ukI liquid immiseibihty It was bchesed that Li^SOj would not hydrolyse lu 
loiin o\\ -salts in aeidie media oi m water, and that relatively high concentialions 
would be jihase stable in sujterci itieal Huids Since thcie arc piactically no repoits of 
mvcsligalmns ol solubilities in 1)^0 media at temperatures above 200 ', thccomparative 
slud> w as made 

Sohibihties ot LqSO, in n_;() IhSO, H^O, and D^SO, D^O solutions are 

piescnted at tempeiatures fiom 200 to 350' The solubilities of LqSO, m 11X3 are 
Lompaieel to those published leeenlly vlsewheie lempciaturcs ofcritical phenom- 
en.i are piesented for solutions ot LqSO,, aiui DX) at concentrations of SO, 

vaiying liom 0 02 to 2 5 molal and at vaiious molal ratios, /iq,, ,, , defined as 

/^i , ^ 

hXl'l RlMr.NTAb 

1 ilhuini sulpliale inoiinhyjiale ol icagcnl giadi, obtained li om J T Baker ( o and use’d w ilhout 
additional pur itiealion was dehydiated b) heating m an oven at 170 1 ight water was distilled aid 

turthcr pm died by pass,ige thioiigh t mixture ol cation and anion exchange resins Allei thispio- 
eeduie the IbO g.ive a spoeifie eondiieiivity ot about iO " li'’ em^' Heavy water containing 0 3 wt 
per ecu 1 H.O is an impurity was used in the experiments in Dj(3 med. i As in previous procedures i 
small volume of ehemie.illy puie, 30 wt per cent HA),! vvas added to the solutions contained in each 
pressme vessel This decomposed at elevated temperature to produce an oxidi/ing atmosphcie 
necessary for inhibiting coriosion and preventing i eduction ol sulphate bor the luns in H,.© solution 
2 ml volumes eif IbOj were added to 25 ml ot liquid In most of the runs m DjO, 0 25-0 50 ml 
volumes of HiOj were added Hovsevci, in a few experiments at conccntiations ot D.SO, above 1 
molal 1 ml volumes were added In order to coirect for the small amount of H^O originally present 
and later added as fbO,,, li neat -extrapolations were made to 100 percent DA) based on the solubilities 
ol L ijSO, in HA) solution and those in solutionseoniaining D^O fins coi reclion varied between 0 2 
and 1 ptei cent, it was dependent upon the volume esi H^O^ initially added to each solution and the 
relative diderenec in solubihiy in H^O and D^O media 

Other procedures were the same as used piev lously'* although samples ol solid phases were ob- 
tained by a free,^e-down method as well as by the removal from the pressure vessels alter a run In 
the freeze-down method samples of solution and solid were scaled in glass capillary tubes Ihese 
tubes were held for 24 hi in a molten salt bath maintained at high lempeialure The lubes weie 
removed and dropped into a mixture ot dry-ice and trichloroethylene in order to freeze quickly the 
contained sample After this procedure the tubes vveie removed separately, their ends were broken 
and, as the liquid melted the solids were isolated by vacuum lilt rat ion fhe solids were sealed immedi- 
ately in capillary tubes for idcntilicalion by X-ray dilfiaction 1 he solubility expci iments werccai i led 
out by Ihe direct sampling method using equipment described elsewhere,''" and the observation 'I 
ciitieal phenomena and limits of phase stability by the synthetic method 

Lxpenments by the synthetic method showed reversibility within a lew seconds of ciilival 
phenomena w ith tcmpei aturc Supcrsaturation was observed for the formation of LijSO, solid ph i v 

'"J C (iRirssandL G Bout viann, U S Pat 2950167 (to U S Atomic Tnergy C ornmission Ai"' 
23, 1960) C/iem /thvn, 55, 344C (1961) 

" ’ H b N4< DiJtlit, Review in I hud rue! Reactors, (L'dilcd by J A Lant, H Ci MacPhiksi ' 

F MvsLAs)Chap 3, pp 85 129 Investigations by R S Grhify, S R Buxton and J C C!i(ii''S 
Addison Wesley, Reading Mass 11958) 

(7! V M Fi 1 Ni vsKAYA and M I Ravicii,,?/i Neort^ Khun 6,2380-6 (1961) 

\V I Marshaii and j S CiiiL.y Inoii^ Niicl C/ieni 22,115 (1961) 

J S Gut and W I Marshai i , Ren Sti lustrum A2, 1060(1961) 

‘""C J Barton, Cj M HiniRrandW I Marshaii,/ Iiidii^ NiicI Chein 21,141(1961) 
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\L.eitheless, upon lowering the temperature the redissolving of solid phase ssithin several minutes 
,v,is used as one criterion of time to be allowed lor the runs made by the direct sampling method 
I hese latter runs were made for periods of time varying from U hr to 3 days at each temperature 
\nalyses ot solution phases as a function of time showed that equihbrum was fully established within 

1 ' hr 

Analyses of solution phases wcie performed by acid-base titrations both of excess ll^SO^ and of 
ii'l.il sulphate alter removing lithium by means of Dowex-50 cation exchange resin Densities of 
Milution phases were detennincd at 25 .2' using a 1 cm’ pycnometer Since most analyses were 
made on pipetted volumes the densities were used to convert molar quantities to molalities The 
^ \pci imental densities ol the samples in D^O solvent containing small amounts of 11^0 impurity were 
liiKaily extrapolated to values in 100 per cent DjO solvent by the same method as used for the 
sohihilitics Densities were not determined for about 15 per cent of the samples in HjO media, but 
w Lie obtained Irom smoothed curves of experimental densities plotted against the molar concent ration 
ol 1 1, SO, 


RESULTS AND DISCUSSION 


rhe t\u)-(flmponent svsiem Li 2 SO,~ HoO and its D^O analogue 

bKpcnmcntal values for the solubilities of LuSO^ in H>0 and in D^O solutions 
(aken from Tables I and 2 arc shown graphically in Fig 1 Our results in light water 
arc in good agreement with those of Ellnlvskaya and Ravich*’* which are also 
included in Fig 1 Furthermore, they have established that anhydrous L 12 SO 4 is the 
stable solid phase above 233'\ the temperature which they found for the transition 
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* The solid phases arc t i^SOi HA) at 200 and Li SO, anhydrous, at all 
other temperatures 

I Extrapolated value 
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I Till L 2 till SOLIBILIIT 1)1 Lj SO, IN DjSO, D_0 
soil I IONS 200 TsO ( " 
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“ T lie solid phases arc Li_SO, DX) at 200 and I i.SO,, anh)dious, at all 
other temperaiuies 



Fig I Solubilities in the System L j^SO, H^O 
and Its D/) analogue, 200 370 C 
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iiom the monohydrate Our own X-ray difTraction patterns, obtained on solid in 
( quilibnuni with liquid at 250^ and removed by the free/c-down method, showed both 
(he anhydrous LijSOj and the monohydiate (or monodeuterate) in both the H^O and 
|),C) systems, and in those systems containing acid At 200" only the monohydrate 
,\as idcnlilicd The patterns obtained for solids removed form the pressure vessels 
liter runs at all temperatures showed only the monohydrate Apparently, rapid 
Indialion of the anhydrous salt occurred upon cooling the mixtures in the pressure 
\esscls to 25' but the anhydrous phase observed using the freeze-down method 
^onlirms the results of Ci i ni vskav a and Ra\ it ii 

The solubility of L 12 SO 4 in I t^O and D^O solution shows the retrograde solubility 
with increasing temperature which is chaiacteiistic of many other sulphate salts 
Its solubility IS detieased in D^O compared to that m 11,0 solvent 

I he ihi cc-coniponent MS/t'/;i LkSOj-H^SOj-H/) <//;J /A DXH analupuv 

The experimentally dctcimincd solubilities of LuSO, in various concentrations of 
tl,S()| at dilTerent temperatures aic given in Table 1 and shown graphically in Fig 2 



h" lulled also in the table aie densities at 25 In contrast to the behaviour of the 
^ 2 vlectiolyie, NiSO,, stoicheionietric Li,SO, is stable m watei as well as in dilute 

' hiiions ot H^SO, The solubility curves show the same genera' characteristics of 
■ "c for NiS()| over the region of M^SO^ concentiation where NiSO, ITO is the 
' ' uaiing solid The solubility incicascs as a luiiction of increasing H^SOj concen- 
''" 'n and decreases with tempei attire 

’ ^ I lie numerous papci s ol \ Bi ni< vrii and othci s / hum,' (.hem (1924- IU4f), H S Boom 
'll It M Binw'iii.y 4mci Clum Sv< 72 , 2S67 ( I9S0) 
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Analogous solubilities in D2SO4 D„0 solutions arc presented in Table 2, which 
also includes densities at 25 , and are shown graphically in Fig 3 All solubilities and 
densities have been corrected to correspond to values in 100 per cent DgO by linear 
extrapolation At constant tcinpcratiire, solubilities in DjO are lower than those in 
ITO These diireiciiccs arc considered to be caused by a first order effect of solvent 



fio ? — Solubilities in the system li.SOi-DiSOj D^O, 200-350 C 

There is an approach on a percentage basis of the solubility of Li_;S04 in D^SOj-D^iO 
to that in H,S04-H20 as the concentiation of acid is increased A cross-over in the 
two solubilities (observed for the system NiO-SO^-lFO*”) was not observed probably 
because of the high solubility of Li,SO, in the solvent alone 

Dane supei ( niu a! Jliiids cantauunp Li^SO,, D2SO, anil D.^O, citiical phenomena 
Observed tempcratuics of critical phenomena, 1 e, the temperature at which the 
composition of liquid becomes identical with that of vapour, are given in Table 3 for 
various compositions of Li^SO,, D,SO, and D^O Included also are temperatures at 
, - 0 reported previously No extrapolation was made to obtain values in 100 
per cent D^O — the D.,0 contained approximately 0 3 per cent H,0 impurity The 
meniscus was observed to disappear at tube fillings of approximately 50 -70 volume 
per cent The values are believed to approximate within a few degrees the true 
critical temperatures, which can only occur at a liquid volume filling of 50 per cent 
The critical temperatures are plotted in Fig 4 and show that considerably highci 
concentrations of L12SO, are soluble in the supercritical fluid than were found foi 
N1SO4 in Fli,S04-Fl20 fluids At 0 02 m SOj, LuSO, as a stoicheiometric salt D 

is soluble m the supercritical fluid 

Included in Table 3 are temperatures at which a solid phase was observed to 
crystallize from solutions contained in sealed tubes The synthetic tube composition^ 

'*21 W L Marshau, t V JoNis, G M HrBERrand F J Smith, / Inorg Niicl Chem 24, 94'- 
(1963) 
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Tamil 3 -Ti mplratuuls ( ’C ) ior tul appearancis ol criiicai piitNOMiNA anu 
PRECIP irAllONS OF SOU!) 1‘tlASFS IN THE SYSTEM 1 a_() SO, DT) 


Molal Ratio, 
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s - Preeipitation of Solid Phase (experimentally estimated) 



F iCi 4 --Ciitieal phenomena and solid' iKjuid phase boundaiies 
in the system LiA) SO, lJ 
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are looni teniperatiiie compositions and, theicfore, slioiild not be expected to agree 
prec iselv v\ illi the anal>tical data obtained by sampling at the cc|iiilibiuim temperature 
The lesLilts were belicxed to dilTer from the analytical values chiclly because of 
sLipersatuiation and lailuie to mamtam near equilibrium conditions upon cooling the 
tubes the equilibration ol mixtures ct'niaining .1 solid phase by means of the vibro 
tool when the tube is held xeitically,''"* as m this v\oik, is less ctlcctive than when it is 
held hoi i/ontallv Cui\es deuced from data obtained by the direct sampling 
method (Table 2) are included on I ig 4 and are considered to represent the best 
values for the tiue solubilities since equilibiium was established and consideration of 
loss cd compiments to the vapour ph<ise was unnecessaiy 

'\t tcinpeiatiiics between 375 and 425 the foimation of DS ()4 10 ns can account 
(or the high solubilitv of Li_,S(), in the superci itical SO^-I^jO and, with the exception 
of solutioiis 0 02 m in S(Jj the limit ol , in the v isinity of 0 5 1 n <1 study at lower 

temperature'"' the constant foi the dissociation, MSO, H SO, has been 
shown to deciease considerably with tempeiatuie reaching a value of about 1 24 
10 > at 225 

Visual obseivations at satuiation vapour-pressiiies showed the absence of a 
second-liquid phase which has been obseived for sulphate containing systems stieh as 
UO -SOj-H.O"'' and CTiS(),-tl.S(),-H_.0 At 400 and 422 bais, and at 500" and 
653 bars hovvevei Morfv and Cm n""’ have found that T i , SO, solid can be dissolved 
in vvatei solution in contact with superciitical fluid and theiefore additional study on 
this system at high tempei attires and pressures will be of considerable interest 

' " \V L M vRSHAi 1 ft U' Wnif.iirandC II Sreov.y (/;<■/» t dm 31,34(1954) 

M tl I 11 I7ki R SioiouioNand F F Yoi m- J Pins (hem 65. 2247 (1961) 

’ h \ loMsandW L Mviisavii / Z/xiig \iul Cluni 23,287(1961), ( II SrcoY, 2 Ama 
(hem S(H 72 33tt(|9SO) 

"" F F C I \RK J S (ill I R SiLsiiiRandC H Si<ov,y (hem Pn/u 4 , 12 (I9S9) 

"’'(.I \V Mciriv and W I ( ills, f iimi (hem Sac 78, 4250 ( 1 9s6) 
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THE REACTION OF FERRIC IRON WITH 
ORTHO-PHOSPHATE 

H Gai AL-G(jR<Lm V and W Siuvni* 

Division ol Engineering and Applied Physics Haivard L'nnersily, 

Cambridge '<8, Massachuseits 

(Rect'ivetl ^ July 1962, i/i i('iiie(//(»/)i 24 Sf/ifcni/x'i 1962) 

VhsiracI Ihe iron (III) orthophosphate system has been investigated spcelrophotomctrieaily and 
polLiitiomelrieally In dilute aeid solutions the exislenee of FeH .P(9,i ‘ and FeHPOi+ can be estab- 
l|^hed Ihe stability ot these two eomplexcs has been determined at ti 0 4 and 25 C Qualitative 
ivdeiiee lor the preseiiec of higher and polynuelear phosphalo-iron eomplexes is presented The 
Loiidiiions under vvhieh iron (III) phosphate preeipitates have been studied 

I HL iidliirc and properties of pliospliale iron (111) complexes liave been the objective 
i f it considerable number of investigations by variotis workers," but there is no 
eciieial agieement among the reported results Values reported" for the solubility 
pioduct of non (III) phosphate arc inconsistent and vary over a range of 10’* In 
ordci to establish the FePO, solubility, the formation of soluble phosphato-iron 
complexes must be taken into account 

I his paper presents the results of an investigation of the iron (III) orthophosphate 
svsiem by both spcctrophotomctricand potcntiometric means The ferrous-fern cell"" 
and absoibancc data were used in order to determine the stability of FehUPOf and 
rollPO,', respectively In addition some experiments weie carried out to elucidate 
the conditions for FePO^ precipitation All mcasiiiements were made m a NaCI 04 
medium of ionic strength 0 40 0 42 at 25 C fxperimental conditions were selected 
unde 1 which the di men/at ion of FeOH- and the hydrolysis of Fc(ll) are negligible 
Since the expci iincntal data gave evidence for the foi mation of highei and polynuclear 
phosphate iron (111) complexes in most of the experiments the concentrations of iron 
(111) and phosphoiic acid were chosen so as to prevent these complications 

EXPERIMI NTAL 

(6 1 '( •ii\ All TcMgcnls used were ol an.ilylic.il giadc \11 solutions were prepared using doubly 
'o,aistillLd walci Phosphoric acid sodium dihydrogen phosphate and peichloric aeid solulions 
's'c ' l.iudarch/cd polenliomelrieally using standard caibonate-frcc sodium hvdrc'xide 

to whom coriespondcncc ci'iiceining this piper should be ,iddrcsscd 
Is V Irssr-s' Z 4no(g Clu m 221,1(191)) 

<1 I I \NK)Ro ,uui s J Kirm J tiiici (.hem Soi 64,291(1942) 

I I Smmon j (hem Sui 2644 (1951), R I JxMrsoNandJ 1 SviMos i/xi/ 28 ( 19s4) V 
ll"i novi) .uid J I SXLMON, i/)i(/ 269 (19^6) 9X9 1219 (1957) 

1 Kvm a K Uosr and S Kumar 7 So huluMt Kes (Imlui) 13 H 217 (1954) 

^ I Pn ii'i MM) and L N IvAscut-Nko Z/i D/x/k/k'Ii A/iia/, 26, 6^6 ( 1956) 

' HvsiRjir,y IfuluiiiClum Soc 27, 417 (1950) 

' 1 ( Ol I and M L Jacksos. J l’/n\ atu! ('oUoul ( lum 54 , 128(1950) 

' II N tooPiR.y Mar Ihot Avr UK 27,114(1947.1948) 

' <1 /iiARovsMi, Inulv Konnssu -inaht Khim Akad f^auk S S S R 3, 101 (19S|) 

' '■I i Oxulalion Roteiiliah Prentice Hall, New York ( 1952) 

I (osjNicK, I G HfcipiR, Z / Hoots Jk , K W Korv VV M La i imi r and jM aar-S vnc. 
' 'y / 4me, Chem Sue 78, 1827 (1956) 

d Mil BURN, y Amcr Chem Sac 79, 537 (1957) 
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Slock soiuli ins ot I um ( 1 1 1 ) WLi c picp-ircd bv dis\ol\ ing appiopi lale quantities ol hydrated ferric 
perehloiau (Cl I ledei lek Smith) in 0 Ol M peiehloi le acid to give 4 lO '-8 lO ^ M iron (HI) 
solutions I he eoneentralion ol non (III) was delerniincd allei dilution in 001 M HC IO4 to con- 
eeiiti jlions ol less than 10 ' M from absoibanee nieasuiemcnls at a wave length ol 272 m/i, the iso- 
beslie point ol liie 1 e‘' 1 eOlb^ equihbiium A molai absoiptivily ol I 60 10' was used This 

value was delei mined on I ellll) solutions vvliieh have been staiKlardi/ed by potenliomelrie titration 
with I ni \ 1 ei mus pel ehloiate solutions vveic piepaieii by dissolving hydraled feiious perehlorale 
(ti I itvlet lek Sinith)in 10 -MIR'K), Nitiogeii used iiUhe polenlionieti le woik was lurlhcrpuiified 
bv passing tluoiigh hot eoppei lube, sodium hvdio\ide, sulphuric acid solutions and (inally thiough 
distillud watei Sovliurn peiehloralc (Ci I ledeiiek Smith) was used tor tome strength adjustments 
S/)i ( n iL iiicauii cini iil\ Absoibanee mcasmements vveie made with a Beckman Model 
13 LI Speeti ophotometv 1 Spec! 1 a vvei e otnaiiied w ilh a Beckman L3h,-2 Recording Speetrophotomelei 
( elK ol 2 s, and 10 cm light path vveie used Alter mivmg ihe solutions were sloicd m a eonslant 
(emp^ialtiie billi pi 101 to the absoibiiiee mcasuieiiienls Although llie cell eomparlmcnt was not 
ihei moslatevi, leiiipe 1 aim e vv is kept constant vv 11 bin 0 5 at 25 C 

Poli‘iiiioiiuliiL 1 hesc were made with a Rubicon piceisiem type B potentiometer 

1 he cell consisted of 1 hi ight platinum spiial elec It ode ( 10 em-area) and a calomel retcrenee electrode 
Coni let between the calomel electrode and the solutivvn was matle with a junction hlled with 2M 
N 1NO3 ( )ne'-hundreil millilitre aliquots of stock solutievns containing the desired concentrations of 
I’ctCK),), Fe(Cl(3,) I HC 1(3, and NaC lO, vveie pipetted into the cell eompai tment Purified nitrogen 
was passed thiough the solutions Ihe stiircr was .ictivated and after observing constant potential 
leadings standard phosphoric acid solution was ailded to the cell with a mieropipeite The potential 
was lead attci each addition The stiirer was leli on while reading the potential Ihe potentials 
became constant np|no\iniaicly 2 mm alter each aildition In each expeiiment trom 4 to 12 e in f 
dclci ininations were made <it dilltreru phosphate coneentiat 10ns 

Hydiogen ion eoneentralion was generally computed trom the amount ol standard HC IO4 added 
to the solution In those cases whcic H ' contribution due to the hydrolysis ot Te' '' and H,PO, and 
Irom complex lorrnalioii were not negligible, measurement ol hydrogen ion concentration was made 
with a Beckman Model Ci pll Meter The electrode system was ealibialcd with solutions ot known 
coneenliation ot HCIO, which were adjusted to the appropriate tome strength with NaC104, the 
observed pll meter reading being compared with the actual hydrvvgen ton eoneentralion 

Acidity constant of be'' and H,PO, Incidental to the main purposes ol this investigation the 
absorption spectra of bet HI) at /< 0 4 and at various (1 1 ') have been obtained (big 1) 1-or this 

ionic sliengih the lust hydtolysis constant eif I c“ has been calculated using the method ol Milbukn 
and Viisnuuiiii"'" A value ot 19 10 which is m gv>od agreement with values reported by these 

authors was obtained and was used m llie subsequent ealeulalions 

The hrst and second eoneentralion acidity ciiiistaiils ot I l,P04 were determined by potcniiomcli le 
liliation With Na(3ll in a /i 0 4, (NaCK3,) medium, and found to be, at 25 C Ah I 30 

10 q A'ii,,.,,| 2 40 10 ■ 

ANALYSIS (3r SPECTR(3PH01 OM b f R 1C DATA 
Fig 1 gives ultra-violet absorption spectra for ferric perchloiate solutions at vaii- 
ous (H ) and shows the effect of phosphate on the light absorption For the evalu- 
ation of the eonnplex formation equilibria, absorption measurements at a wave length 
of 272 in/< were analysed This wave length corresponds to the isobestic point of the 
F'e^ ' -FeOH - ' equilibrium The data were treated by using a modification of a method 
desertbed by Ni wroN and Arcand^i^’ The experimental results may be interpreted 
by considering the following equilibria 

Fe=>‘ ' HjPOj - FeH„PO,"' i (3 - /?)H Q„ (•' 

FV I H„0-FeOH2' :H' 

""R M MtLBURN and W C Vosburoii, 7 Amcr Chem Sac 77, 1352 (1955) 
nil T W NrwioNdnd M Cj Arcand, 7 Amer Chem Sot 75,2449 (1953) 
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Ficj 1 - riTect of 11 ' and H,PO, on spectra ol ferric perchlorate solutions 
(Fc-I1It) in all solutions t 5 10 - M 

log [H + ] 4, 1 94, B 2 22, C 2 70. 1 5. I 94 to 1 85 
Total pliosphorus I Band C 0 

1,4 8 10 ^ M, 2, 1 44 10 •’ M, "1, 4 79 10 ■’ M, 4 4 79 10 ■ M, 5 2 4 10 ' 


^iic Q\ are ctjuilibritim quolients, for example 


c?.. 


(FcOH-’){H ) 
(Fe") 


'Wicie ( ) signifies conceiitratioii iii niolcs/l If \\c define the following connotations 
f‘" absoibances at 272m/t A„ absorbance measured in absence of phosphate, 
h hypothetical absorbance if all the iron (111) were in the form of FeH„PO,, 
I total absorbance, 1 = length of cell, then, for solutions containing identical 
ovKonirations of total Fe(lll) and FI 

A// |-(FeOH )) ' 1 1 (FcH„PO," - ) (3) 

AJl ti. pjT^ro^ (FC|) 

AJI^- rpo(Fc,) (5) 

' I, IS the molar absorbance of Fe' at 272nv( r ,js the molar absorbance 
1 ll„POj’", and Fcp is given by 

(Fe,) - (Fc3') - 1 - (FeOH^t) (FcH„POf) 


( 6 ) 



570 


II CiM \i -G ok( III \ jnd W Sii'MM 


Combimnii L.]uatioiG (3) to (0) tlic cqiiilibi iiim LonslaiU of ica(.tKin(l) can be 
cxpicsNcd as tollow s 

( < <„) <H )‘ " [' C^i/^OI )] 

^ ( <1 ') ('H.poi'r 

"> (7) 

I ^ [(1 C7n)dll )J(H )‘ " (.d -i,,) 

' (>.,(H,P(3,) 

Hull a plot ul I \eisLis ( I l|,),'(H ,l'()|) sluiuld gi\e a sliaiglit line fin a scries 
(d soIulKins wIiilIi have \aiving conLcnti alions ol H,PO, bat have the same formal 
conccnliatiun ol teriic non (He,) and liydiogen ions provided that within the con- 
Loiuiation iclations stmlicd, heH„P()|" is the only iinpoitant phosphato complex 
species present 1, and (3,/(H )* " can be evaluated fiom the intercept and slope of 
such <1 plot In oidei to obtain the cqinlibiiimi concentration of H ,P 04 required by 
I quation (7) a sciics of appioximations was made hast. Equation (7) was plotted 
bv using HjPO, conccntiations as calculated (roni the total formal concentration of 
phosphate added by means of the equation (H^PO,) /’'i/[l I Aii,r’o,/(H ' )], 

which wcie uncorrcctcd for the amount of phosphate m the complex An approximate 
value loi A^ and A was thus obtained This was used to calculate the concentration 
of the complex and to piovide impiovcd values Ibi the (lljPOj) The data were then 
replotted using these improved values Usually not more than thice approximations 
were necessai} 

Fig 2 shows a few representative examples of plots of Equation (7) for various 
series of solutions each series representing solutions ol constant (H' ) The points aic 
fitted by a stiaight line satisfactoi ily ovci rather wide MiPO^ conccntiations 



[HjPOdZfFey] 


Flo 2 — Plot of equation (7) 

Fct'" in different experimental runs varied between 8 10 M and 5 10 ' M 
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ITowcver, points with a relatively liigli phosphate concentration (as indicated in 
I 1C 2 for the solutions having a (H ) - 2 06 10 -) are above the straight line 

I lus Lurvatiiie is probably due to the formation of higher complex of the type Fe 
(1 l„PO|)v Attempts were made to ht such data m the higher phosphate concentration 
i.inge assuming the formation of a diphosphato complex However, no reliable 
inlornidtion could be obtained concerning the second complex The results displayed 
in l ig 2 have been obtained with solutions containing total iron (III) concentrations 
ol between 8 10 '■ M and 5 10 '* M Inconsistent results were obtained when 

Iciric solutions more concentrated than 5 10 M were used This is probably 

altiibutahlc to tile formation of polynuclear complexes 


ANAI YSIS Oh RtDOX POIENTIAL DATA 
The concentration potential, /f, observed between phosphate-free solutions of 
le(ll) be(Ml) and corresponding phosphate containing solutions of equal (H'), 
(I e, ") and (Fc, "') is given by 


h 


0 0592 In 


(Fc‘ )(t-c,") 
(Fe-') (Fe,"') 


( 8 ) 


From F.qualions( 1 ) and (K)and from stoichciometi ic considerations the relationship"" 
11 (;„/(H )] [exp (b/0 0592)- 1] e„(HiPO,)/(H )’ ‘ (9) 

uin be derived 

Ihis equation assumes that complex formation of phosphate with ferrous iron is 
negligible (ll,PO,) can be computed by successive approximations in the same way 
IS described for the spectrophotometne data According to Equation (9) a plot of 
the left hand term vs (H,POj) gives, for any set of data at constant (H ), a straight 
line with a slope of 0„/(H )‘ " At high phosphate concentrations, deviations from 
a straight line were obscived, thus indicating the formation of higher phosphato 
vompiexes 

///g/itv ami pohniuleai <.oiuple\es In oidei to obtain consistent values f^r 
(J, (H )* '' the total feme iron concentration had to be kept below 5 10 M 

\i highci (Fe-llI) computed Q„ values became progressively larger with increasing 
<1 e-lll), thus giving evidence for the formation ol polynucleai complexes The data 
have been tested for some of the simplest assumptions, such as formation of 
il eTH„P(), ),]*“" or [Fe,(H nPO^)]" '■* However, no reliable information on the types 
I'l polynuclear species formed was cibtamable 


STABlIirY Of FcH.PO,-' ANt) FeHPOv+ 

I ig T represents a logarithmic plot of the spcctiophotomctiic and potcntiometric 
'' na according to Equation (1) in the form of 

log(FcH„PO,'")/[(Fe^A(H^PO,)] log C>„ ii)log(H') (10) 

"n ^ permitting the evaluation of n and Q„ from the slope and intercept The ordinate 
' hies 111 Fig 3, obtained from absorbance measuicments, were computed from the 
I m Fig 2, dividing the slope by [I | C^„/(H‘)] Values of QJiH )''-" resulting 
" '"11 redox potential measurements arc also plotted in Fig 3 Reasonable agreement 
' -i veen these two sets of results is observed It is evident Irom the logarithmic plot 
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t Kr 3 Plot ol equation (10) 

1 ' Speetrophotoiiittrie data 
(J) Pottniiomctric data 

that there IS a transit ion at log[H'] ^ 1 7 where the slope of the fitted line changes 
from a slope of i I to a slope of |2 From this we conclude that equilibrium (1) can 
be represented by the following expressions 

At (H-) '2 MO M 

Fc’ -i H,P ()4 -FcHPO,‘ ! 2H', (11) 

At (H*) 2 ' 10-- M 

Pc'’ ) H,P 04 FeH.POj- -1- if, Qj (12) 

Table 1 summarizes the stability quotients obtained by the two dilTerent techniques 
The results reported here are not m accord with the results reported by Lanpord and 
KiLHid”' These authors used SCN for the determination of free Fe*'' They inter- 
preted their findings in terms of reaction (11) and reported a of 15 5 at /r -- 0 665 
and at 30‘’C They found no evidence for the formation of FeH^PO,‘ although their 
solutions had (H‘) larger than 10 Their experiments were made m a Fe(lll) 

TADLE 1 — SlAUIIIlY OUOIILMS HIR rclIPO,' ANO 

(25 C, // 0 4) 


From 

From e m f absorbance 

measurement date 


Cl -= (FeHP04+)(H+)*/(Fc=*)(lTP04) 0 52 0 72 

G, = (FcH,P04=+)(H^)/(Fe^^)(H4P04) 40 36 

= e,/(K„4P04 K„si.„ 4-) - Fc(HP04"^)/(Fe»^)(HP04*-) 17 lO" 2 3. 10“ 

Aa = Ga/Kn^Po. (FeH,P 04 “+)/(Ft’+)(HjP 04 -) 3 1 x 10“ 2 8 10-> 
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^ontenfr^ition range, where wte find evidence for fhc formation of polynuclear phos- 
phato-fernc complexes It also appears possible tliat their solutions contained mixed 
ihiocyanato pliosphato complexes 

FcHoPO,^' has an acidity constant, --log = I 7, which is of the same order of 
nuigiiitude as the first acidity constant of H,PO, This value miglu be compared with 
a \aluc of — log K - 2-1 proposed by Bjcrrum and for A1H2P04’'' 

SOLUniLlTY or IRON (III) PHOSPHATb 

It IS apparent fiom the foregoing discussion that the solubility relations of FeP04 
lie complicated by the formation of soluble phosphato-ferric complexes Fig 4 shows 
alkalinictiic titration curves of Fc(Ci04),, (2 10 * M), of H,PO,, (2 ' 10 ^ M) and 

dfan equimolar mixture of Fe(III) and H,P04 It is evident from the titration curves 
that the addition of equimolar H,PO, to the Fc(lll) leads to a deprotonation of FijP04 
ind docs not result in an appreciable increase of base required to reach the equivalence 
point Tins indicates that the reaction 

Te’ i H,P04 ; 30H FCPO4 ; 3H,0 (13) 

lakes place predominantly At pH values above 4. equilibrium is attained very slowly, 
die measured pH values drift, and the color cvf the precipitate changes from white to 
vcllow, thus indicating the introduction of OH ions into the stiurture of the pre- 
upitatc CoLi- and Jac kson*'* have presented similar titration curves Their evidence 
lor legarding the tertiary phosphate as a dihydroxy-dihydrogen phosphate, however, 
docs not appear to be conclusive 

In order to estimate a concentration solubility product, iron phosphate was 
piocipitated from solutions containing Fe(CiO,),. a small stoicheiometnc excess of 
NalljPOj, <ind 0 4 M NaC104 The solutions were adjusted to various H concentra- 
lions witli HCIO, Concentration conditions were selected so as to prevent formation 



I Hi 4 AlkalimctriL titration Of a 2 10 * M f'ctCIO,), solution anslola2 10 ‘ \t 

HiPOj solution and ol an equimolar Fc’^ ttiP<^h niivuirc 
'ill KKiiM and C R Daiim, Z /'/im C Arm , Bodensltin-l cstband, 627 ( 1931) 
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of hmhci and pol;yiuiclear complexes fach solution was allowed to stand for at least 
thiee da\s 1 he solutions were then centrifuged or filtered through a membrane filter 
I’rcc ipitates obtained vsithm the pH range 1 5 2 6 v\crc white and showed upon analy- 
sis a [-C to P latio of unitv In aliquots of the supernatant or filtrate determinations 
of total lion and phosphate w ere made Prec (Fc'’ ) was determined from e m f meas- 
uiemcnts by the lerro-lerri method Free (Fc") was also calculated fiom total 
Fe(Ill) and total phosphate b> assuming that the only soluble iron species are F’e* , 
FcHPC), and F'e()H‘ 1 he values for (Fe“^) calculated by this method were 5-20 

times laigci than the \ allies obtameil tiom e m f measuiements in the solutions It can 
be infeired fiom this ohsei\<ition that it is dillicult to sepai.ite from the solution the 
solid iron phosphate which has a tendency to be present in colloidal form Thus it 
IS not suipiising that the desciibed cxpeiimental pioeediire did not give paiticiilarly 
esmstant values for the solubility pioducl of non (III) phosphate Using 10 ’ for 

the product of the three acidity constants of HjPC),, values obtained for the solubility 
product at 25 C, (Fe* )(P()|) vary between 10 and 10 -*•’ These values 

aie somewhat lowei than the value of 10 -- reported by 7i iAK()VSkii*''> The oper- 
ational value of such ti solubility product is somewhat limited unless the vaiious 
complex toimation equilibria between iron (III) and phosphate have been elucidated 

know li iiiciit This work siipp vrlcd bv Ihe US Public lic.iltb Scivice Rcsc iich ( uant WPt t 
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THE STATE OF MOLYBDENUM (VI) IN PERCHLORIC 

ACID SOLUTIONS 

M L Frudman 

Refractory Metals Laboratory, General Lleetrie Company, Cleveland 17, Ohio 

{Rt‘C( II oil '^0 Apnl 1962, in iciisul foiin 18 Oclohir 1962) 

\l)stracl Solubility measuicmcnts i>l molybdic o\ide and of the molybdic oxide hydrates were made 
lo delei mine the nature ol the ionic spceics foiined in 0 6 N perchloric acid solutions Both hydrates 
pi.Kliiec the same molybdic acid in water .ind the same monovalent cation in 0 1-10 N perchloric 
Hid 1 ach hydr.itc forms its own uniejuc molybdic acid in perchloric .acid more concentrated than 
t N Solubility ciuilibruim w.is not obseived for molybdic oxide which produced dilTercnt ions than 
ihc hvdiatcs 

Mill xnnu aciel in the free stale in contrast to llte isopolymolybelates which exist only 
s.ills, IS known only in solution Grali.ini jirsi prepared molybdic acid solutions by 
lo.ietm” b.ttiLim molybdate with sulphuric acid and Mi KtaiR further developed this 
method to obtain stable solutions Richardson used an ton exchange method 
instead and observed that a colourless “glass” was feinted on cv.iporalmg the 
nuil)bdic acid solution *■’ Dot t n determined the constitution of Graham’s molybdic 
ickI which he found identical with MoOj 2HjO soltilion by exhaustive cryomctric 
•mil conductomeli ic studies The sctlule species consist of poly met s ol the mono- 
niciic Ictramolybdie acid, H^MojOj, Since this telramolybdic acid is not related to 
the tetiamolybdatc salts, Ihc name “Graham's ntolybdic acid” will be 

Kiaiiicd licie foi clai ity 

While Giaham's acid is the only well chaiacteri/cd molybdic acid it cannot be 
nhlained in crystalline fomi (3n the other hand, MoO^, MoO^ ITOand MoO, 2H,0 
e tell ciyslalli/cs from actdilicd molybdate solutions under various conditions*" 
fhe'se .lie lormally acid anhydrides Since then ciyst.il siuictures are diUcient each 
!kI niiglit possibly fetim its own iinicjue polynuclear acid m solutions where it was 
I'v si.ihle ctysl.il form There is some evidence th.it these compounds do produce 
dillcicnl tlissolved species Thus, Mo 05 2HjO h.is been reported to produce a 
c.ition in peichloric acid*'* while MoO, produces other cationic species m 
iho solvent **’’ Also, av]ueous solutions fieshly piepared from MoO, H^O and from 
\lu(),21TO appeal tc’ contain ilifl'erent ions The MoO, H^O solution is stable at 
hH) (' while the solution made from MoO, 20^0 precipit.ites MoO, on boiling 

I he solubilities of MoO,, MoO, MX), and Mo(7, 2H,0 vvcie measured at 25"C 
' I d h N perchloric acid to determine their ranges of stability and the nature of the 
'I «soKc<l species formed by each compound Since MoO, 2HjO spontaneously 
" ^ I vslalh/es as MoOj HjO at 50 C , the solubility of only the lattci compound was 

M Mcri.iir CR Acml Set, Puns 208, 58ML>t9) 

' Rk HARnsoN, 7 hun" Null Clwm 9, 267(1959) 

'' Goiii IT and S BuciNon, ,7 Clu'm Pins 54,156(1957) 

1 t Rn DMAN, 7 Aiiici Cluin Soc 81,3874(1959) 

' fiiMiviAU, R ScHAAL.indP Sout may, C R Aiuil Sci , /’ai o 240, 194 ( 19SS) 

'•1 M Josjis j Aiiu’i C/k-iii Soc 76,4233 (1954) 
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nieasuiecl at SO C F quilibrium solubility measurements identify the stable solid 
phases ol lowest solubility Also since the activit)' of the solid is constant, the 
solubility Lui\c IS charaetci istic only ol the dissolved ions, <is shown by Jones for 
MoOi •'’* Thus, il an anion is foinicd the logarithmic solubility curve will have a 
negative slope ce|ual to the average number of protons geneiatcd by the formation of 
each anion Flic concentration solubility product constant is written in terms ol 6, 
me solubilitv in moles ol MoOj per htic and Z the polymerisation number of the 
anion 

Solid < > Anion' /iH 

A. (l/Z),S(y/ )" Flenee, t/(log .S')/i/(log // ‘ ) n 

Converselv if a cation is foimed the slope will be positive and ccjual to the average 
numbei of protons bound pei cation 

Scilid nil < > Cat'on" 

Activity coelFicients for the unknown ions must be ignoied, and ionic stienglh 
cannot be kept const<int by adding neutral salts since these may react with the hydrates 
The observed solubilities will theiefoie tend to use witli increased peichioiic acid 
coneenti.ition Also the solubility measurements cannot give any inlormatum about 
poly inen/<ition nunibeis However, since the solubilities ol the three compounds will 
be measured in the s,ime soliitimis, a diiect compaiison can be m.ide cvf the dissolved 
species 

Peichloiic acid was used as the solvent since it is the only strong acid which is not 
known to loim complex ions with Mo(VI) Complexes with nitiic acid have been 
reported'"* while those with hydiochloiie and sulphuric acids arc well known '’’* 
Solubility data for the hydrates in perchloric acid have not been repoited while the 
ckita (or MoO, covers only a small range ofacid concentrations 

rXPr.RIMI NTAL 

the two hvdralc’S were prcp,irccl tree troni ,ilk,ili by previously described methods Rc.igeiit 
grade M0O3 was fuither puiilied by sublimation and the sublimed crystals were ground to line 
powdei 111 an agile mcrUir Reagent grade peiehloric ,ieid w.is diluted to obt.im slock solutions ol 
approximately (1 ! and 0 1 N Ehese were slaiKlareii/tel by titi.ition with sodium hydroxide solution 
and then diluted as calculated to obtain other acid concentrations 

Solubility determinations were made in tO ml polyethylene hollies which coni, lined I g of sample 
and 20ml of solution These were sealed with Ncopienc stoppeis and inserlcd into a perfoiale’d 
plastic disc which was rotated at 1 rev /min m a thermostatlcd w.iter bath Portions of solulions were 
taken for analysis at 2 week intervals, a 1 ml pipette capped with filter paper being used to withdraw 
the sample Molybdenum was determined as the thioeyanalc complex using a Beckman DU speetio- 
pholomclcr Equilibration was continued until constant values were obtained The dihydralc 
showed little change after the hist two weeks although the run w-as continued for six weeks I he 
same values were obtained with the dihydratc when equilibrium was approached from the reverse 
direction, by satur.iting at and then equilibrating for two weeks at 25 C Eight weeks were used 
for the monohydrate, and the oxide equilibration was continued lor eighteen weeks 

T he dissolved Mol VI) contributes substantially to the acidity below 0 1 N perchloric acid so the 
acidity of these solutions was measured with a Beckman G pH meter at the conclusion of the run. 
The solid residues were also examined to determine whether phase changes had taken place duiing 
the long equilibration periods The residues were recovered by filtration and dried at room tcmpcia- 
ture after washing with water Analyses were made for combined water by ignition at 500 C and 

(71 p pj Cfxapt and W P Thisili- thwaitl, T f/ioij' Nud (hem 2,125(1956) 
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ihcsc showed little change from initial values txaminalion of a number of residues by X-ray 
dillraclion conhrmed that phase changes had not taken place The residues were unchanged in 
ippcarance except that crystal growth of the monohydratc had taken place in the strongly acid 

solutions 

Txperiments were also made to determine the rate at which phase changes took place by rccrystal- 
lizalion when both phases were present A mixture of ccjual weights of M 0 O 3 2 H 2 O and MoO, HjO 
,\as completely converted to MoO, H^O after two weeks of equilibration in 4 N perchloric acid at 
25 C, as shown by X-ray ditfraclion The reverse change took place in 2 N perchloric acid Mixtures 
(i| the two hydrates wcie unchanged after four weeks in water and in 1 N perchloric acid at room 
uinpcrature However, crystal growth of the hydrates from water solution was shown as follows 
An excess of MoO, 2H jO was stirred lor a few minutes in boiling water, and the solution was then 
/ ipidly fillered and cooled The solution contained 0 1 5 mole per litre of MoO,, more than ten times 
ilic equilibrium value A portion ot the solution formed a brittle, glassy gel on evaporation at room 
icinpciaturc 1 he concentration of the solution was reduced to 0 02 mole per litre by cquilibriation 
widi MoO, 2H,0 tor a week at room temperature and to 0 03 mole per litre when MoOj H.O was 
used 

Mixtures ot MoOj with M 0 O 3 2H,0 in 2 N perchloric acid and with M 0 O 3 H,0 in 4 N perchloric 
will weic unchanged after lour weeks at 25 C Solubility measurements were also made at 25 C 
w ith mixtures ol equ il weights of MoO , and MoO , 2H jO The solubilities of the mixtures equaled 
ihi. sum of the 'epai.ile solubilities below 2 N acidity, after two weeks ol cquilibriation The solu- 
bilities at higher acid concentrations were only slightly higher than those of MoOj 2H80 alone 

RfSULrS 

Soliibilily ctiives for the two liydratcs arc shown in Fig 1 while the apparent 
solubility ot MoO, is shown in Fig 2 The perchloric acid strength at concentrations 
prcalcr than 0 1 N was arbitrarily calculated as the product of the mean molar 

N M( .O3 



Tic, I Solubility of molybdic oxide hydrates in pcichloric acid 

Mvitv cocflicient and concentration Molar activity cocflicients were calculated 
''I available molal coefficients Figure 1 shows that MoO, 2 VI .O is the stable 
' < iivovi Aij, C7? ,S(/ , /’mn 242, 2154 (l'>56) 

' \ Rouinson and R H SioKts /:Uiliol\tic Soluiions p 476 Academic Press Mew y ork 

l‘J5s, 
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pH -logfjCHClO, 

I Hi 2 Soluhililv u( niolvhdii, o\iilc in pi. ilHIot h, .ilkI hI 25 C 
I |ipLi ciiiM. i.it;hti.i.i\ weeks lowei eiii\e two Weeks, daslicii e III s e, MoOj 211.0 

solid phase at 25 C in pcrehloiic acid (.oiKeiilralioiis lower than 3 5 iN while 
MoO, HjO Is the stable ph ise at higher aeid toncenlialions Both hydiates have 
siinilai soUibihlv eiiives in the 0 2 N pciehloiic aeid lange The solubility cuives ot 
MoOj I bO at 25 C and at >d C’ arc also veiy similar 

The negative slope of the Mo(),2Ib() solubility eiitve at pH 2 shows that an 
anion is foiined in solution I he limiting slope of --2 observed at the highest pH 
value is eonsisteiit with the toim<ition ol Graham's acid as previously leportcd toi 
such solutions At the 0 01 mole per litie ol MoO, level, the dissolveil species have 
been icportctl to consist of 50“’,, I bMO|()| j monomer and a series of higher polymei ic 
acids, HjMo^Gj:;, etc"' These moderately strong acids generate two 

protons per anion regardless ol the polymeri/ation number As the perchloric iicnl 
concentration is increased the solubility decreases to a minimum at the 1 5 pH iso- 
electric point From a pi I of I to a peichloiic acul concenti ation of I N the slope ol 
I 0 IS then consistent with the formation of the HMo^Oi, cation of Chaovi AtJ A 
solubility product constant of 1 23 0 03 10 - is calculated for MoOj 2HjO in 

this range of perchloric acid concentrations lire solubility reaches a m.tximum at 
the second isoelectric point in 3N perchloiic acid The slope of 0 12 at higher 
perchloric acid concentrations shows that a new anion is present This new molybdic 
acid, designated “Acid A”, may have a high polymer i/ation number or a low dcgiee 
of ionization to account for the small slope 

The solubility curves of MoO, H^O have a maximum m 2 N perchloric acid at 
both 25' and 50 C At lower perchloiic acid concentration MoO^ H^O is apparently 
in equilibrium with the same dissolved species as MoOj 2HjO However, an anion 
species unique to MoO, H,,0 is present in the 2 6N perchloric acid range This 
second new molybdic acid is designated “Acid B” The observed slope of - 0 65 
suggests a stronger acid of lower polymerization number than “Acid A” 

The apparent solubility of MoO, after two and eighteen weeks of equilibration o 
compared with that of MoO,2HoO in Fig 2 The continuous change m appareni 
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solubility with time shows that equilibrium was not reached The solubility values 
after two weeks arc slightly lower than those reported by Jonfs'*’' but rise to higher 
values m eighteen weeks Mo0.j is apparently mctastable with respect to MoOj 2H^O 
in dilute perchloric acid, but there was no indication of an equilibrium between the 
compounds over the times involved Also, both hydrates appear to be mctastable 
with respect to MoO, at perchloric acid concentrations greatei than 2 N, but this 
convcision also was not observed 


DISCUSSION 

J he molybdic acids “A” and “B” whose existence m solution is deduced from the 
solubility eulves arc to be distinguished (rom various “7-” and “/kmolybdic acids” 
icported in the old literature,*"'* Heating MoO, 2HT) in water, or preferably dilute 
acid, at 50 C results in recrystalh/ation to MoO, H^O, Rosenheim's “ 7 -molybdic 
.Kid ’ MoO, precipitates instead at 100 C in water so that MoO, is one of 
Rosenheim’s “p'-molybdic acids ” A second ”/>-molybciic acid ’ was deduced from an 
lulk'ction at 60 C in the solubility curve of MoO, H_,0 in water However, X-ray 
didiaclion shows that MoO, H,0 crystalli7ed at 25 C is identical with MoO, H^O 
oblanied liom solution at 100 C The mflexion m the solubility curve observed by 
Rosenheim was tluis due to the fact that MoO, H/9 is not the stable solid phase at 
the lower temperatures in water A second, yellow MoO, H^O is (obtained only as an 
iinsi.iblc intermediate in the solid slate dehydration of MoO, 21KO‘ 

I he lelationship of the hydtales to dissolved species as a function of perchloric 
.icid concentration and temperature is summari/cd as follows 


3 

Perchloric 2 

acid, (N) I 

0 


Temperature ( C) 

I he structure of “Acid A ’ should be lelalcd to that of MoO, 2(1,0. and the 
'iiiicture of “Acid B”, it polynuclcai, should be related to that ot MoO_, H^O How- 
'-'VI nivlhiiig IS known legardmg structures of the dissolved species or ot MoO, HjO 
' slow rate of equilibration of the liydiatcs with dilute pcichloric acid solutions is 
'I 'laieiitly due to the low concentrations of “Acid A” and “Acid B ' m such solutions 
t II \iA tAU, from her spectrophotomctrie measurements, considered the HMo_,0,, 

' "11 as the predominant species to a perchloric acid concciUiation of 5 N The 
'hihty measurements show new anion species to be formed above 2N Ibis 

hn's Uaiulbuch (let Anoi«amshen Clieinie, Motyhdan,\o\ 53, p 109 Vcrlag Cheniie, Berlin 

AS) 


M0O3 2 H.O MoOj H O 

r r 

Acid A -< >• Acid B 

' 

(HMo_0,)CIO, 

k 

I 

Y 

Graham s molybdic acid 
25 50 100 



M L rR)HJMAN 


'i80 

apparent disagrecincnt suggests that “Acid A” solutions may have optical properties 
smiil.ir to tliose of the cation salt solutions The electrolytic transport and ion 
exchange experiments of B\Hko and Nm»ivani is'*” also show that Mo(VI) is present 
as an anion m solution of pH I, and as a cation when the pH 1 However, from 
their transport experiments, these mxcstigators considered the cation to be mono- 
meric MoOr oi MoO(OHK-" This conclusion is in disagreement with that of 
Cmai ATM and with the findings of llic present investigation 

I ht author tlianks t I IVtiiirR lit loi assistance u ilh some of the solubility 

ticlei min itions 

A k ItcHKo It I Nmiivaniis, (hem iinti 52, Itt82 (1958) 
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SOME ASPECTS OF SYNERGISM IN 
SOLVENT EXTRACTION*—! 

URANIUM (VI) 


M. ZA.NGLNt 


Vbstract -Synergistic extraction of U(VI) from 03 N HC’I was studied, using combinations of a 
nicnioacidic phosphate or phosphonale ester (the cheating agent) with a neutral organophosphorus 
LOinpound (the synergist) at vaiying concentrations in ben/cne or cyclohexane 

A coi relation was lound between the acid strength of the chelating agent and its performance in 
svnergistic cxtiaclion 

I lom the antisyncrgistic slope and the concentration of neutral synergist yielding the maximum 
disiiibution lalio, the formula of the extracted species and the constants governing the extraction 
n.|uilibi lum are derived 


In studying the extiacfion of U(V1) from dilute sulphate solutions into a kerosene 
solution of di(2-cthylhexyl)phosphoric acid, Bais ct found a substantial increase 
in the distribution ratio on addition of small quantities of neutral organopliosphonc 
compounds which, used alone under the conditions of the experiment, would hardly 
extract any U(V1) at all This synergistic cllcct, being much stronger than eg the 
case reported by Gotiii and MADDtxK*-*, had to be explained in terms of formation 
ot specific, more exliactablc complexes On the basis of tlie model suggested by 
lUis <7 for the chelate complex of U(V1) with di(2-ethy IhexyOphosphoric acid 
dimer, 

/ X \ O 

A H I UO.. where X (C,H, O) P 

' X L ■ ■ O 

in which Liraniuin has the co-ordination number six Biam ct r//"’ suggested that 
with participation of the neutral additive R the cxliacted species is 

, / X \ ^ 

A = I H UO. 

' X U ' 


-.here uranium has the co-ordmalion number sc\en The synergism in this case 
would then he analogous to the phenomenon fviund m tlic extraction of U(V1) with 
I (A ''-‘7 However, KtNNfDV suggested the model 


B 





(XH), 


O. 


* based on woik peiloimcd under ihc auspices ot the U S Atomic tnergy Commission 

Isiacl Atomic Fncrgy Commission 1 aboi atones Rchovot, Israel, at the time c't this wevrk 
■'lidiilc ol the InternaUon.il Institute of Nuclear Science and Lnginceiing, Argonne National 
' I'oi.itoiy, Argonne, Illinois 

\ Bi AKr, C 1“ Bais Jr, K B Brown, C I CoiiMAN.mdJ C W ii 1 1 , /’nx eo/iiigs o/ t/ie 

Intel luilioiuil Confereme on Pcinejul iivev of tlcninc I nei"), Genttii IS p ISSQ L'nitcd 

X itions (11)58) 

\ ti tjOHii and A <i Madoock, Tinin InniiUn Soc 55, S91 (1959) 

* I Bafs Jr , R A Zinc.aro and C F Coivman, 7 Pins (hem 62. 129 (1958) 

' 3 BiAki.D F. Hornvr and J M ScHMni.USAl C Report ORNl -2259 (1959) 

'I Irvinc, and D N EiXjINOTON, 7 Inoi" Nucl Chcm 15, 158 (1960) 

' V Hiaiy 7 /m,i- Nucl Chcm 19,314(1961) 
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witli tci-nrdiiiation numbci cieht v\ulioiit synergist and 






/ V 

B' 

(x 

uo 

or 

(- ) 


uiien niic oi botli n( the ed-ordinatcd mononicrs of chelating agent arc replaced by 
synergist inoleciiles Suppoit for this model was found by the adsorption of the 
chelate on phos|ihonale resin,'''* which took place b\ libeiation of two HX- monomers 
per LI 

Latci a new model was prtiposed bv Kinmd^ and Dianl*®* on the basis of 
infra-rctl spe< tia I hese aiithois suggest 

C j^(X ) UO.J HXH' 

as the species extiacted in the abseiue of syneigist and 

C' I (X ) UO,J RH 

when the nciitial compound pai licip.ites In both models H and C , therefore, the 
synergist substitutes foi HX, altliough we might also concenc addition in the latter 
case, \ i/ 

C" ) UO.J RHXH' 

Dx Kssi \ and kut studying the synergistic extraction of IJ(Vl) fiom sulphate 
solutions by mixtures ol dibuly Iphosphale and tnbut)]phosphatc in carbon tetra- 
chlonde, show that synergism is based on a substitution mechanism However, their 
calculations aie based on the etlectixe concentrations of HX and R, which were 
calculated on the assumption that the coiiiplex RHX (and no other) is formed This 
IS also contended by Hakdy and ScARmi i '^^*, but Baktr and Bats'^-^ and ID'iRSSIN 
and Lii xi""” suppose the complex to be R(HX)j for which the latter even propose a 
tentative structure 

The present work was aimed at extending the knowledge about the synergistic 
effect to other acidic phosphate and phosphonatc esters when combined with the 
neutral synergists di(2-cthylhe\yl)2-cthylhcxylphosphonate. dibutyl butyl phosphonatc 
and trioctylphosphme oxide A pure diluent, cither benzene or cyclohexane, was 
preferred to kerosene, a mixture with undefined and variable composition Also, 
with the exception of a few experiments made for comparison, a hydrochloric rather 
than sulphuric aqueous phase was used, whereby the interference by aqueous corn- 
plexation of Ll(Vl) was reduced (Complexation by chloride is much weaker than by 
sulphate, and unlike in the HSO^ o > SO,- system, independent of the pH ) 

<■’ J Kenmdy, ArRE,C/M-369 (1958) 

J Kfnnfdy, L A BuirfORD and P CJ Sammes, 7 Nucl CIteni 14,114(1960) 

'“'J KlNNFDVandA M Dfanf, Z /«o/g Niicl Client 19,142(1961) 

D Dyrssfn and L Kuca, Acni Chem Scund 14, 1945 (I960) 

C J Hardy and D ScarciIIL, / Inot^ Nucl Chem 11,128(1959) 

H 1 BARFRandC L Bafs Jr . U S A h C Report ORNL-CP-58-5-93 (1958) 

D Dyrssls and D It Lilm, Acla Chem Scund 14, 1091 (1960) 
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EXPERIMENTAL 

Sonnes oj muieruils 

Ihe neiHral synergists Di(2-ctliylhexyl)2-elhylhcxylphosphonale (henceforth DrH[FHP]) and 
dibutylbutylphosphonatc (DB[BP]J were obtained from Virginia-Carolina Chemical Co trioctyl- 
pluisphinc oxide (TOPO) from Eastman Organic Chemicals 
Ml wcie fill ther purified as follows 

(1 ) Stirring a 1 4 solution m ben/cne with an equal volume of 6 M HC I for 8 hr (to hydrolyse any 
()>ioplK>sphate present) 

(2) Washing out the MCI with two equal volume portions of water 

(3) Stiri ing w ith an equal volume of 1 M Na^CO, for 15 min (to neutralize any acidic phosphate 
,11 phosphonatc) 

(4) Washing out the Na- salts with three equal volume poitions of watei 

(3) Fvapoiatiiig any dissolved water and any alcohol possibly (ormed by hydrolysis in steps I or 
t iinilir reduced picssure 

(6) The ireedom of the neutral synergist from acidic contaminants was checked by a senes ol 
I (VI ) cstractions by the syncigist alone from varying aqueous M( I concentrations 1 he distribution 
Ml lo lor synergist alone being proportional to [C 1 ]’ hence to [HC l]% w hilc the distribution ratio for 
ihc acidic chelating agent alone is proportional to [HM hence lo [IIC'I] the deviation ol the plot 
/) \s |H( I] (on a log- log scale) Irom a 2 slope indicates the content ol acidic chela chelating agent 
Whenever this was found higher than 10 a new cycle of puriheation (1) (5) was ca,ried out 

Ihe (./leltiling (igi/in Di(2-ethylhcxyl)phosphonc acid (IIDLIIP) and di para(l,l 3,3 tetra- 
iiiclIiylbutyDphenyl phosphoiic acid (HD()i/P) were separated Irom a miKlure of mono- md dicster 
ohlained lioin Victor Chein and purihcd as reported by Pippvrd ei til'"' 2-ethylhexylhydrogen 
ililoiometliylphosphonalc (HEI l[C IMP]) and paraphcnylphcnyl, hvdiogen chloromelhylphosphonatc 
(Ih, / [C IMP]) were prepared by estcriricaiion of C'HA IPOC with the corresponding alcohols and 
liinliei puiilied by the same methods'"’ 2-ethylhe\vI. hydiogen 2-elhylhc\> Iphosphonale (IIEH 
[1 IIP]) was pieparcd by hydrolysis ol Dl-llfl HP] and purihed as leporled by Pi ppmio </ cjI " ' 
Ihc polity ol all acidic chelating agents from neutral contaminants (as neulial esters alcohols) 
i.is aseei tamed by tittation ol ktiown aliquots 

Ihe -"U tiacer was irom Argonne National Eaboratoiy stocks puiihed by liquid extraction 
iiiithods 

I he disti ibution latios were determined by the ladiometrie method 

R1 SUI 1 S 

(a) Lxiutction hv lariiiig coiiccnli ations of DKHIEHP] DB[BP] and TOPO m 
huizeiic Ol cyclolicsatu’ (in the cihwiKe of at idle chiiali/ig anent), Jnnii 0 3 M HCl 

I Ins was done tn order to be able to correct synergism results (or the extraction due 
to (he synergist alotre Results ate shown m Fig 1 

(b) Exiitniioii hv 0 01 F HbH[FnP] , latM/ig tonceiitiatioiis oj DFH[EHP] m 

I iiKuic Ol cvcIohcMiiic jioni 0 3 N HCl m 0 3 N H^SOj Figure 2 shows almost no 
syiicigistic (nor dntisyncrgistic) elTects, except for a slight maximum in the system 
iNclohexane hydrochloric acid 

(s-) LkIuicIioii by 001 F HDFHP | la/i/i/g toiuciiluUions oj DLH[FHP] in 

I I "ri ne Ol ( yclohexane, fioin 0 3 N HCl rt; 0 3 N H^SOj Results are shown in Fig 3 
"H e the plots obtained with IHSO, arc mainly similar to those obtained with HCl 

'"'I displaced downward (this ts probably due to stronger complcxing of Li(V]) in the 
‘ i 'icons phase), further experiments were conducted only in hydrochloric solutions 
' 'laximum increase in D by a factor of^lO for cyclohexane and of '^2 5 forbctiT'cnc 
' 'X lound for 0 06 M and 0 1 M DEH[FHP] respectively 

■' I Pi PPARD, G W Mason. J I MMinandW J Driscoii J liioig \iicl Client 4, 3t4 

! >51) 

' I Plpparu, J R EtRRARO and G W Mason, 7 /iinrg \»r/ Clnni 12, (iO(l9Sd) 
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(f. evviohesdne 

HClbylOM HDtHPin ("benzene 

I lo 3 -Estrdction o( UOr+ troni I ( A i-yclohexanc 

(O 3 N It, SO, by 10 = b HDEHP in I benzene 

(d) i:\(iaclion by OOIFHDO 7 P-! larying concent (mom of DEH[EHP] in 
hinzene 01 ( vdoliexanc Jiom 0 3 N HCl Figure 4 shows a maximum increase in D 
by a factor of -^15 for cyclohexane and -^6 for benzene, at 0 007 M and 0 02 M 
I)LH[EIIP] respectively In all systems considered (ill here, benzene as diluent 
appears to be unfavourable to synergism (a parallel observation was made by FIfALV<i®‘ 
m the extraction by TTA ; neutral organophosphorus compound), use of benzene 
vv.is iherefore discontinued 



t Ki 4 —Extraction of UO,' ' from 0 3N HCl by 10 - HDOyP in| 
V Himy, / Inoi}; Niicl Cliem 19,328(1961) 



(c) r xtKKiion h\ 0 001 F HFH[FHP] or 0 001 F UDOr/P ! rai\m" (oncciifia- 
t)J DTy][LHP] in ( \( lolu’MincJioinO 31^ HC\ Results are sh()v\ n in Fig 5 The 
synergistic elloet was found to disappear for HFH[LHI’] and to start at lower synergist 
Loncentiations foi 10 FlDOyl’ than with ten tunes moie eoneentrated chelating 
agent The niaximum also occurred at lowci syneigist coneentration, 0 003 M, while 
the (actoi ol niaxiimiin increase in D was srunewhat less — 12) The dotted curves 
show the icsults aftei correction for extraction by the synergist alone 



Ik. s fsli islion of I Or' tiomOtN IK'lbyj in cyelohex.ine 

(f) Fxliadion hv 0001 F HDLHP oi 0001 F F1EFI[CIMP] , lumn^ coiuciUia- 
fions oj DrH(Fl!P] m c\ilolie\(iiic fioni 0 3 N HCI Results are shown in Fig 6 



Fk. 6 - Extraction of from 0 3 N HC I by 

(. j with prccquilibralion 

'O 10“^ F HFH[CIMP] in cyclohexane I . without prccquilibration 

I y with preequihbration 

, y 10 “ F HDEHP in cyclohexane 1+ without preequihbration 
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Since at this low concentration these chcldting agents report partly to the acjucous 
phase (where they exist as monomers), the distribution ratio would correspond to a 
lower ctlcctive concentration of chclattng agent Therefore, the aqueous phase was 
pieequihbrated several times with fresh organic phase, until saturation of the aqueous 
phase with chelating agent was shown by a constant value of D The number of 
necessary pic-equilibralion stages decreased with increasing synergist concentration, 
also, the deviation of Dg,,,, for a non-pre-cquilibrated aqueous phase (shown by the 
dotted cui ves) from the correct values was higher at low concentrations of synergist 
W ithout pre-equilibration, therefore, the results would show a much stronger syner- 
eislic effect than actually exists A maximum increase in D by a factor of ^6 for 



Tk, 7 rcliaction ol L'Od licmi 0 3 N IK 1 by b 10 s.ilui.UcJ H'/'/ [C IMh] 

m c>clohc\,inc 


IIDLHI’aiid of --7 for HrH[CIMP] was found at 0 045 M and 0 004 M DLH|fHP] 
Is'' pec lively 

('^) h \ti action hv 9/iO safiiialcJ HyyfCIMPj uiniin^ < oiuc/iiiaiions o] DFH 
'1 1 IP) /// ( 1 ( /o/;c\r7/icy/(;//i 0 3 N HCl Since the synergistic elTed appears to increase 
vith increasing acid strength of the chelating agent (see discussion below), it was 
cvpc'ctc'd to be veiy high in this case However, the solubility of H 7 7[C1MP] m 
s\clohexane is so low ( 10 ' F) that very low distribution ratios were found theie- 

h'le lesults here may be somewhat doubtful A maximum iiicieasc in D bv a factor 
' 1 --b was found for 0 003 M !)CH[F:HP] (Fig 7) 

(h) Exn action h\ 001 T HCH[EHP]. HDFllP oi HDOyP lani/n^ conccntia- 
' ' aj l)B[BP] m i \tlolic\anc jumt 0 3 N HCl Figure 8 shows maxima for the same 
‘ "nccntralions of DB[BP] as found previously for DFH[FHP] but the maximum 
' ''lease in D is higher, respectively -^2 ~13 and ^20 for HFH[rHP]. HDEHP and 
1 1 1 )()7 p 

I’Miadion hv 0001 F FrFH[EHP] <>i HDOyP imvi/ig coiuentiaiiom of 
'^'MBP] in cyclohexane fioni 03 N HCl Results aie shown in Fig 9 Again the 
’ 'vaiium for HDOyP occurs at the same concentiiition of DB[BP] as pieviously 





foB |8P^ --- 

/ JIDO/P I 

1 i(j S I Miaction ol L'O.-' Iioiii 0 3 N IK I hy 10 - 1 !'/ HP in cyi-lohexanc 

{ HI H[rHP]J 

found for DFH[FHP], bi t it is htghcr(ractor of ^16 instead of ->-12) For F1EH[FHP] 
a slight maximum is found at 0 05 M DB[BP], which howeser could be due to experi- 
mental error 

(]) L\iuiiti<)/i hv 0 01 1 HLH[FI-IP], IIDFUPo/ HDOy P ten (oiicenruilions 
of TOPO III (ydohcxanc / 1 oin 0 3 N HCl Results are shown in F’lg 10 Maximum 
increase factors for D of respectively ^20, -^120 and ^140 were found at 0011, 
0 009 and 0 005 M FOPO respectively The dotted curves show tlie results aftei 
correction for extraction by the synergist alone No d.ita can be obtained for higher 
than 0 45 M TOPO, which is near the limiting solubility in cyclohexane 



Fig 9 -Extraction of U02=^ from 0 3 N HCI by { ''j ’ ^ cyclohexane 
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In. 10 rxtractioii of UO^-' from 0 3 N IICI by 


10 ^ Y imOvP 1 

10 ‘ 1' lIDhIlP I in cyclohexane 

10 - 1- Ilf 11(1 HP]) 


(k) r.Miaclioii hv 0 001 f- H DOy P T- 0 003 M DB[BP] in odo/iexane Jroni 
iiir] i/ig concentrations oj HCl Figure 1 1 shoxxs an inverse second power dependency 
III 1 ) on [H'] over the wliolc range 


‘ lo II - Extraction of UOj“ from HCl 
10 J E HDOyP 4 3 10 “ M DB[BPlin 
cyclohexane 


Fig 12 Extraction of UOp ‘ from IK I 
by 10 ■' F HDO 7 P 0 3 M DB(BP| 111 
cyclohexane 
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(I) E\li cu lion hv 0 001 r HDO'/P i 0 3 M DB[HP] in ( yilohe\ane ftom raiyiiif^ 
ioiucntiaiions of HCI Figure 12 shows the dependency of D on [HCl] to vary 
gradually Ironi inverse sceond to inverse less-than-lirst power 

j:)isc ussioN 

On the basis of the electronic stiiicture of the various organic groups, the order ol 
increasing acid strength lor the chelating agents used in this work is expected to be 
HrilirilP] HDIHP HFHfCliVfpf HDOi/P, which IS identical with the order 
of increasing syneigistic cHect shown bv the evpei iinental lesults It may seem sur- 
piising, in view of this correlation, that 1ILH[CIMP], which is expected to be a much 
slrongei acid than HDFHP, should show almost identical synergistic behaviour But 
then It may be asked also why in the absence of syneigist, MFH[C11V1P] should 
extract li(VI) so much better than the other chelating agents Possibly HtH[ClMP] 
could act as .i tiidentate hg.tnd with paiticipation ol the chlorine and thereby form 
more stable complexes faxoiing extraction but resistant to syneigistic elfects The 
lelatively low s>ncigistic ellect obtained with M(/(/[ClMP] might be explained by the 
same hypothesis, m addition to the fact that syneigism is lower when lower 
concentrations of chelating .igent are used (compaie f i Fig 5 with I ig 2 and 4) 

Fins coi relation between acid strength and tendency to synergistic cxti action is m 
perfect <igiccmc'nt with model C above (although .ilso lo some extent with model 
B ) Ih e stiongei the acid m other words the highei the partial positive charge on 
the POOH group, the more resistance to formation of the ion HXH and the nioie 
improvement in extraction when HXH is replaced by RfT (or by HXHR , as m 
model O" ) 

1 he decrease m D on further addition of s)neigist after the maximum D is attained 
IS asciibed to complex foi mation between the synergist and the chelating agent • *'i 
However, as said above, there is disagreement whether this antisynergistic effect (the 
word should be antiergistic or antergistic, since “aiitisyn-” is a conti.idietion m teims) 
is due to formation of (HX)_,R or of 1 IXf^ We have therefore tea decide between four 
combinations of leactions 


(a) DO,-: 

2(tfX). 0, i Ro. UtXX, HXHRo, 211 



Ror (HX).R„, 



^ ffJO^X, HXIIR ]o, [H l„p 

'■ [UOT ((HX),J„,-i [R]n, 

(n-1) 


. , A', D 

[H [(HX),]orMR]... 

(n-l'l 


[(HX),R] 

■ [(HX),] [R] 

(a-l) 

[( HX )2 tot.u] 

[(HX)2]or 1 2[UO,Xr HXHR ] + [(HXf^Rj 

(a- 3) 

[R(ot u] 

- [R] + [(HX)2R] d- [UOgX, HXHR'] 

(a-4) 
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(b) UO/‘.n 1 

KHX),„r 

i R„r UO.X, HR or 2H a,, 



(HX),or 

1 Ror (HX),Ror 


A 

[UO,X, 

HR‘]„, [H 

{h-\) 

'' u 

[uo,"],„ 

[(HX),j'„r [R]or 



A 

o 


A' 

''h 

- ' , , (/i-r), (h-2) 

ia-2). 


[H 

{(HX),l'or [R]or 


[( HX), lot u] 

[(HX),]or 

1 ][UO,X, HR ] i [(HX),R) 

(/>-3) 

[Rioi ii] 

[R] ) [(HX)^R] : U(XX, HR ] 

{/>-4) 


(c)uo;tj 

2(HX),or ' Ror^-^LIO.X, lIXHRor 2H o, 


i(HX),or )- 

RorW HXRor 


(c-l) 

[HXR] 

(U-1) (<-l ) (U-1 ), A [R] 

(i-2h 

[(HX). lol.u] - 

[(HX),]o, ' 2[UO,X, HXHR )1„, l[HXR] 

(c-)) 

(Riout] 

[R] - [HXRJ , UO,X, HXHR ] 

(1-4) 

(d) UO,-:,; 

1 ;(HX)jor ' Kor U(),x, HRor 2H o, 


i(HX),or 

Ror - HXRor 


(</-l) 

(h-\), (</-!') (/i-l'), (./-2) (1-2) 


[( HX)^ loMl 

] [(HX),]or ]lUO,X, HR ]or 1.[HXR) 

(i/-3) 


[R.oni] [R] ; [HXRJ [U(),\, -HR ] (^M) 

In theory \vc could now, by combining each set of equations (!'), (2). (3) and (4), 
"hiaiii an equation giving D as a function of (Riiin] Comparing the obtained 
iniiction with the experimental plots, the right mechanism could be dctei mined and 
\ I'lics assigned to the constants A and A' The calculations, however, become very 
•"'■• Ived and therefore the following simplified method is pioposcd 
We lirst make the follovxing assumptions 

(l)The amounts of (HX), and R bound in a ccvmplex with LHVl) aie negligible 
'h aspect to any other species of (HX)^ and R 

C) At the point of maximum synergism. An.ix, the extent of iJ(VI) cxtiaction not 
' I ' hiiig synergist is negligible with respect to the reaction governed by A 

h is then easy to eliminate all terms relating to species of R between the equations 
‘ !2), (3) and (4), obtaining D as a function of ((HX), and [(HXIolor 



M /ANC.tN 


‘i')2 


Ma\imi/iii!: /) \Mlh icspoct to [(HX)_.],„ v\e then obtain the •'ollowing CKprcssions, 
\,ilul loi /) maximum 


lor mcLhanixm (a) |(H\)Joimix ' |( I IX)j loi a] 

I ot tl ]in t \ * [(H\) 2 Inf ill ' 

k' 


Du 


4k 


[(HX).„„,il’ 


lor mcLhamsm (h) K 1 1 X Ijlm mix mi iij 


[Rlcnillinix 'l |( H X lol il] — 

A 

2k' 

/^JUIX T — — [( I I > tot t I ) 

(3)K 


tor mcxhamsm (x) [(IIX)^!,., „nx -[[(HX), i„i a] 

4 

IR tot tl ]m t\ ! [(H\) * ( of 1 1 ] — [( H X ) , I ) ! 1 

\ (i>)^ 

I2\ {4)k' 

/)„nx — [(HX),u.,al 

(5)/v 


for mcehanism (d) [( • IXljJ,,^ ' [< I im o) 

^ 2 

IKmialmix ((HX) * 1 1 ll a ] , [( fl X 1 nt a 1 

A 

Diu 1 V T HXtj 1,11 a]“ 


These expressions ean now be ustti to 

( 1 ) determine the mcxliaiiism bv finding the depentlcncy of Dnn\ on the initial 
total concentration of chelating agent (tliere would however be no way to distinguish 
between (a) and (d) 

(2) determine A from the total concentration of synergist that coiiesponds to the 
maximum distribution ratio 

(3) determine A" and hence A„ from A and the maximum distribution ratio 
Another useful method is the elimination of [(HX),]r,r between the equations 

(!') and (2), obtaining 


(«-5) D 


(<-5) D --- 


A'[(HX),R]^ 

^^[R] 

A'[HXR]^ 

A'‘[R]‘ 


(h-5) D 
U(-5) D 


A'[(HX),R]^ 

A^[R]' 

A''[HXR]' 

“a'*[R]“ 


If It IS assumed that at a large excess of R over (HX)^ the concentrations of ai 
other species of the chelating agent are negligible with respect to the complex betw's i 
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Lliclaling agent and synergist, the latter in turn being negligible with respect to the 
Loncentration of free syneigist, w'c may write 

[(HX),R] St [(HX), total] - constant (for mcch (a), (b)) 

01 

[HXR] 2[(HX), tot ii] constant (for mech (c), (d)) 

and 

[R] se [Rtotu] 

\l the limit of high synergist concentration the limiting slope of the plot /Jvs [Rtoin] 
(on a log log scale) should be I foi mechamsin (a), ‘ for (b). 3 for (c) and - 2 

foi (d), this makes it possible to determine the actual mechanism from the anti- 
^\netglsllc slope 

Applying both methods, we can now rule out ( I) mech.inism (b) which requires 
a 1/2 power dependency ot /2tn«\ on [(HX)^(„(ii] while the experimental results 
(compai mg 0 01 hand 0 001 F HFH[l HI*] HDF HP and I IDOy P) show a power of 
2 122 (2) mechanism (c), which lequircs an antisvnergisiiL slope ol -3, m dts- 

a'jiccmciit with the cxpeiunental results (most slopes approximately -1 a fexx nearer 
2) (t) mechanism (d), xxhich icquircs [Rt„i ,i]ir, i\ [(HX), t„iii] in conti adictton 

ol the results observed with HHCJiyP 

Having thus dccKicd foi ntcchamsm (a) the following values arc dciived 


lot the system HLH[I-HP] Df H(FHP] 

A -- 20 

A' -- 4 

10" 

lor the system HFH[HIP] l)B(BP] 

A 20 

A ' ^ 5 5 

10" 

toi the system HrHjrHP] TOFX) 

A 130 

A ' 5 5 

10" 

foi the system HOPIIP l)rH(l HP] 

A -- 20 

A ' 2 3 

10' 

toi the system HOT HP DB[BP] 

A -v- 20 

A ' 3 6 

10' 

(Ol the system HD!- HP TOPO 

A 200 

A ' 3 3 

10" 

loi the system HLH[C1MP] D1 H|f HP] K - 

A -- 7 

!0" 

lot the system H DOy P I3FH[I,HP1 

A -- 400 

A ' -- 5 

10" 

loi the system HDOvP DBJBP] 

A -- 5S0 

A' ^1 

10'" 

toi the system HDOyP lOPO 

A and A ' 

,tic loo h' 

gh to 

bo determined by this methovl 




obvious why, in the assumed mechanism 

the much 

moie basic 

lOPO should 


he a bcUei synergist 1 he adv antage iif DB[BP] ov ci DFUff HP] howevei. lemams 
unevplained A possible reason is the decrease in stone hindianco in the H\H R ton 
\l low chelating agent coneentrations a niimmum in /) is obscived at high 
' "^^,^,l)lra^ 1 cvn ol syneigist Coircction ol the icsults tor extraction by the sxnergist 
hone still leaves m some cases a substantial metease m D alter the minimum This 
.IV be explained with the assumption that the neutral exliaction mechanism could 
' s the lorm 

uo.-;,; h(HX),„, : n 2 r,„ i'o.hx.cir,,,, h 

' '■h .k 1 (vf 

I 2CI 2R„, lJO,CI,R,„ (f) 

* ' Older to ascertain whether there is any competition between cxtiaclion according 
' ’ '•!) and to (c), the dependency of D on (HCI]ui was studied at svncigist concentra- 
' o, eoi responding to the top and the bottom ol the antisynergisiie slope Reaction 



M /angi n 


51^4 


(a) should make D propoilional to [H ],,," , hence to [HCI]“ , while reaction (e) 
would make D pioportion.il to fCl ] and to [H'] ' , hence independent of [HCI] 
fdpuics 1 1 and 12 show that (here is no pai licipation of (e) at Dm.w, but that, at high 
fR], thcic IS competition of both icactions, the part of (c) increasing with increasing 
[IICIJ 

nu m Ihcauthoi wishes to inank the Intel national Aumiic hnergy Agency, Vienna, 
aiul ihc Isiacl \loinie 1 iKigy <. oinrnission lor giants which made this woi k at Argonne National 
laboritoi) possible, 1- I’iri‘\Ri) nut ti \V M \sov' Xrijonnc National 1 aboiatoiy, for sug- 
gesting ihe |srohleni, siipplving ihe ehelaling agents, svneigists anel traeei ind offei ing liirlhcr 
\ .llu.ible help and e neoui .igeme nt 111 t he com se ol this weirk , and TV Hi\ly,Ioi helplul discussion 
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I XTRACTION OF GROUP VIII METALS BY LONG CHAIN 

ALKYL AMINES— V 

I [QUID ION-EXCHANGE BEHAVIOUR OF THE CYANIDE COME^LCXhS 

OF IRON, COBALT AND NICKEL 

S E Bryan, M L Good and G J Maus 

Dcparlmcnt of Chemistiv, Lousi.ina Sta(e University, New Orleans 
{Ricened 2\ Scpicmhn 1962) 

Mislratl I he eyaiinle eomplexes of Ee)ll ), I'e(lll) Co(III) anel Ni(ll ) have been invcstit^aleel with 
ii'pn-l to their evil lelability by solutions ol long chain alkyl amines in vat lotis solvents I he dislribu- 
iiiinol Ihcaiiions, FelCN),' and C o((. Nfa’ was determined by tiaeer methods using T c and •'’'C'o 
labelled potassium salts lor fe(CN)^* and NitCNij- speetrophotonictrie methods were used 
I he lesults show the same trends as a pievious study of the ecirrespcmding oxalate complexes 
n hiiely that the five base iimnes show viitually no extraetioii but good extraetion is realized by using 
\ n UHis salts ol the amines 1 he eyanides aie more readily extiaelcd than their oxalate e'ountcrparts 
blit the sime lon-exehangc behavioui is appirent 

Pkimolis diticics 111 tilts senes report the extraction of the chloride, sulphate and 
oxalate complexes of the Fe, Co and Ni truid by long eliain alkyl eimiiics ■*' These 
studies have incUidcd spccihc investtgatioiis of the extraction mechanism and the 
nature of the extracted species in each system considered To further define the 
cxtiaclioii process of long chain alkyl aminc-metal anion systems, a systematic study 
ol the extraction of the cyanide complexes of F'e, Co and Ni was undertaken 

EXPt RlMl N FAL 
t /(//<•/ mh 

\ J’npiii iil/dii of (oriip/e\ cyoiiu/i", 

1 k.NilCNljUjO This compound w.is prep.ircvl by a mclhod icporlcd by Flrnlius and 

Bi KHvia ' I The orange crystals obtained vvcic rccrystalhzcd Irom water and dried in a desiccator 
tji ivinictric analysis for nickel gave 22 Fheorctical 22 7",.Ni 

2 kiCofCN), This compound was prtpaicd by a pioccdiirc repoi led by Bita LOW The com- 
pound was labelled with ■''Co by adding an aliquot v>f the isotope to the fust step m the preparation 

I I ^ icsiillmg light yellow crystals were iccrystalli/cd Irom water and dried in a v.icuiim oven at 88 C 
Vialvsis foi Co was earned out by digesting a simple in concentrated H_SO) and neutralizing the 
' Milling solution with NaOH 1 he solution was then biillcrcd to a pU of 7 8 and titrated vvith stan- 
diullOtA Co content experimentally dcteimined was 1 7 8 Iheoiclical 178''„Co 

* k ,1 etc N),, 7 his compound was not prepaicd Baker s Analysed Reagvnt Cirade m iteri.il vv as 
b '■d to make all solutions of this complex 

d k,rc(CN)„ This compound (labelled with ■’'Te) was picpared by .Hiding a stoicheiomcli ic 
'"‘"iind ol t tC L (containing an aliquiot of caii ler-licc '“Fc as FeCT ,) dropw isc to a scihition of KC N 
I he icMiliing solution w,is heated until a yelknv coloialion was obtained After cooling .ind fiilering, 
b ' oliiiion was evaporated until light yclkiw ciysl.ils began tv) loim 1 he ciyslals were collected by 
h' ' iiion ,uij dried in a desiccatoi Ihe solutums useil experiment, ill) were standaidizeil by lomp.ir- 
' ' ” Beer s law curves made using Baker's Analy/cel Rc.igcnt Cirade maleri,'l (see piocedurc below ) 

hi I Cj(X 5I) ,iiid S E Bryan,/ T/iki Clwm Soc 82, ‘'6X6 ( I960) 

d I Ci(xii> and S [ Bryan, / Inoi" Xml (lum 20,140(1961) 

b I BRVAN.ind M L OfKin, / /wig \ml Cluiii 21, XX9(I96I) 

''I I <i(K)ii, S le Bryan .ind F )ue,h. Jr , /wig Chcni In press 

hh ( [ I rnh lus (Eeiitor) Inoipanu S^iilho\i\ Vol 2 p 22'X McClraw -Hill New \oik (1946) 

hh f 1 1 RNH lus (I ditor), Inoiqomi Si'nrht\is Voi 2 p 22‘' MeCiravv -Hill, New 'York (1946) 
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S I Brv \ni, M 1 &tK>n .ind Ci I Maiis 


B Ifju/ii s ami olhii iluiiiKals 

I Ik .iiiiiiKs usid h i\c ln.t .11 n_pc)i Kil i.ls<.\s htn.' .mil .ill dIIki m.ilii i.ils wiic An.ilytic.il Ri.igcnt 
Ciiaili 


PltXltllll c 

I he pidiiiUiii liii Ill'll iinini; the ilisli ibiilion ol ilic (uo l.ibillcd ioniplt"n.s, ColCN),,' .md 
hilC N ), ' h.is bull priiKuisU dtsiiibid Spiiliopholoniclni, .m.ilysis w.is used lii dcliiminc the 
disiiitnilKin 1)1 (Ik‘ Ni((_ .md ^l(C Nl,,' niinpIcMA Biers l.iiv iLirits utii diliniiined Kir ihi 

Ni lompkv ill its ihsiiiptKin ni.ixini.i ol 2<iS, 2,'I4 .md 10X m// By lomp.iimg the .ibsoiplion v.ilucs ol 
ihisi m.iMin 1 biloii md .ilki txii.ntion, Ihi pniinl Ni lomplix i\li iilid lOLild bi dcliimined A 
siniil II proiidmc \\ is usid lo dilirmiiii tin ptiiinl.igi isli.iilion tor Ki(C N)„' whiili h.is .i stiom; 
.ibsoi ption m.isiimmi it 120 nm 

111 studying till osid.ition ol 1 i(CN)„* it vy.is noiiss.iiv to dctciiniiic the .imount ol oxid.ilion .it 
S' i nous tiiiKs I Iris iIk spiiti .1 ol this loiiipound u is dilci iiimid .md Ben s 1 iw nil vis uiii ni.idi loi 
till .ibsoi piion 111 isiiiuiiii .It 1 1 (-1 111 11 I hill b) ii.iiliiii; the .ibsoi pi ion .i' 420 .md 1 1 6 inn Ihi lel.itui 
.mioiinls ol li(tN), ' .indlittNI,,' in tin solution lould bi diln ininid 

All loniplili spiiii I will dilnmiiiid on .i Biikmin OK-I spiitio|iliolomili'i using I im silii.i 
nils Bill s l.iM nil \is .md lonmiti .ition ditnnim.itions ni.idi ihn ilioiii win oht.iinnl I loiii .ibsoi - 
b.iini nil isuiiiiinits m idi on .i Bnkmin DU spiiiiophotoiniln 

RISI'LIS ANI> DISCUSSION 

The icsLilts ol .1 gciierdl extr.iciion study of thiee of the loniplcs e).imdcs aie 
t!i\en in T.ihic 1 F’c(C'N),,* is not iniUulcd due to problems \yhich will be discussed 

below The free b.ise .mimes cxtr.icl negligible .imounts of .nny of the complexes 
ilovycver, prclrc.ilmg llie .imines with acids to produce the amine s.ilts mcieascd the 
pei eeiil extiaction of all ol the amons considered Some trends can be readily 
ascertained liom the data m Table I I he pimiary amine sails are the most cn'cetixe 
extractors toi these .mioiis, with the secondaiy amine and tertiary amine salts being 
pooler This coi responds to a sirnil.ii order obtained m the extiaction of the eorie- 
spondmg oxalate complexes The solvent ellcct is pronounced only m the teiti.iiv 
amines, where chloroform is a pooici solvent than benzene or toluene This same 
ellect was observed m the extraction ol ciilorocomplexes vvheic teitiary amines aie 
particularly good extractois Chloioform was superior m that its solutions showed 
less tendency to foi m emulsions One mtcicstmg dilfercnee between these extr.ictions 
and those tor the eoi responding oxalate complexes is the high per cent extraction ol 
the dipositive Ni ey.midc complex by all of the amines This phenomena is piobabi) 
due to the increased stability of the Ni(CN),- .is compaied to NitCjO,)^' Thi 
tendenev of the Ni complex to foi m solid precipitates when cquilibiated with tin 
amine salt solutions is striking These solid materials have not been thoroughly 
investigated as yet but the colours associated with them aie the same as that for tin 
Ni(CN)|““ indicating th.it this ion is not destroyed in the precipitation reaction 

[he extractions carried out on the fcirocyanide complex were complicated by the 
oxidation of the ferrocyanidc ion to ferricyanide m some ol the systems studied By 
doing spectrophotometric studies on the acjueous and organic phases of a given 
extraction it was possible to determine the extent of the oxidation at a particular time 
The oxidation was very rapid for tertiary amine salts As rapidly as the solutions 
could be analysed, some oxidation had occurred and the complete conveision oflhi 
ferrocyanide to ferricyanide in the extracted organic phase took place m a matter ol 
minutes A quarternary salt (tncapryl monomethyl ammonium chloride) was used as 
an extractant and it appeared as if the ferrocyanide was oxidi/ed as it extracted inm 
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tlic (.'I game phase The o\iddtion reaction was much slower for the secondary amrric 
sails and total eornersion of the feiiocyanide in the organic phase did not occur for 
sever<il hours I he pi unary amine (cirocjanide sc)lutions were stable with respect to 
oxidation tern scxeral hours Table 2 shows some of the extraction data obtained foi 
thic teriocyamde ion All of this clat.i was obtained by equihbialmg the aqueous and 
oigamc phases for t min and immeiliatcly sepaialing the layeis Thus the per eent ex- 
liaLlion ol Ici roc\amde (not 1 erne's a mde) was determined Thekmcticsaiid mechanism 
ol this oxidation leaclion are presently being inxesligated in oui laboratories 
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[Co(CN)gM^jq in M/L 

i ici I I xiraciion isotherms (or CO(C N),'* by amines in C HC I, C urve 1-H ,SOi 
trealtd in-n-hcxyl amine, t urve 2*H ^SOj prclre.iled 2 2'diethyldihexyl amine, Curve 
t-HCl prtUcalcd 2,2'diethyldihcxyl amine, C urve 4-HCI picliealed Iri-n-hexyl amine 

In order to ascertain the extraction species involved in these studies, spectra ot 
aqueous solutions of the complexes were compared to the spectra of the extracted 
species in the organic amine solutions In all cases the spectra for a given complex 
was the same before and after extraction indicating that the complex metal cyanide 
was extracted intact into the organic amine solution This would be compatible with 
an ion exchange mechanism for the extraction reaction Also the order of preference 
for the anions CIO,' . * NO, ' . - CC > Ac ' SO," ' is the same as that previously 
reported for the ion exchange resin studies By compaiing all of the extraction data 
presented in Tables 1 and 2 it can be seen that the cxtractability of the complex 
decreases as the charge on the ion increases This too is compatible with an lon- 
exchange extraction mechanism 

Further elucidation of the extracting species was attempted by determining 
extraction isotherms for various extraction systems Representative curves are shown 
in Tigs 1, 2, 3 and 4 The maximum loading of the amines occurs as predicted from 

R Bastian, / twa/v/ Chem 23,580 (1951) 




tn M/L tFe(C\)f3org mM/L 
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[Fe(CN)| ]aq in M/L 

I u. 2 -Lxliaclion isoUicrms loi Fc(CN)„' by mimes m (_ HCI , tursc 1-U.SOj 
pictreated iri-n-licxyl amine, Curve 2-H.SO, pictreitcd 2 2 dicilivUilicx)' mime 
C Hive l-H,SO, pictreited Pnmenc 81-R C'urvc 4 IK I piclieucd 2 2'dicihvldihc\',l 
.iininc, Cuive 5-HC I prelre,ited tri-n-hexyl amine, C'urvc 6-HC'l prciieated Primcnc 

Kl-R 



CNi(CN)4]aq in M/L 

Ik, 1 -I xliaclion isolhtims lor Ni(C'N)i- by amines in C'HCl , C urve l-bKSOj pre- 
''eaied 2,2 diethyldihevyl amine Curve 2-HC I prelrealed 2,2 dielh\ldihe\vl amine 



S I \n M 1 Ci(K)n and G J Mahs 


bOO 


the (.haisze on the eomplex ion amine to metal latio of three for Co(CN),,'’ and 
te(C'N),,‘ . two tor Ni(CN),- and four for he(CN)|,^ It is mteiestmg to note 
however that this maxirniim loading is icaliscd onliy when the amine salt anion bcm« 
I e placed IS one winch has a lov\ aflmity lor the amine, namely sulphate or acetate 
When chloiide salts aie iinoKed the maximum loading is consideiably below that 
picdiclcd liom the complex examde chaige Ibis phenomena is also in kecpmgwith 
the idea ol an ion exchange leadioii 1 bus it appears that in all ot the cases considered 



[Fe(CN)| dgq in M/L 

I Hi 4 ( xti.ictioii isotherms loi IctCNl, ' Ciiivc l-liAc piclrcalcd 2 2 dicllwldi- 

licx\l .inline 111 hcivcnc C uivc 2-lit ( |iielicitcd Piiniciie <SI-R in t IlC I 


in tills study the extiaction ot the complex cyanides can be repiesented as tollows 


'[R,nh']a 


M(CN), 


y 

( M|) 


tR,NH ]„[M(CNU" ' vA ,H„ 


The extent of the leaction m the foiwaid direction depends upon the relative conccn- 
tialions ol the reactants and the relative afhnity ol A" and M(CN)^ " for the amine 
cation 

A comparison of the data in Tables 1 and 2 with the extraction isotherms in Figs 
1-4 indicates the desirability of dctei mining the extiaction isotherms if the ciricicncy 
of an lon-exchange extraction is being considered Although the differences between 
the extraction percentages for HCI and H,SO, pretreats in the Tables are small, the 
loading capacities of the two pretreats are quite different This derives from the lad 
that the data m the Tables is taken for situations where the amine salt is in considerable 
excess with respect to the complex being extracted 
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research quantities of some of the amines used 

The major part of this investigation has been supported by the United States Atomic rneiy 
Commission under contract No AT-(40-l )-2576 



I Inoip NutI Chtm I96^,Vo| 25 pp 601 to 605 Pciltamon Prcsh I id Piinlcd in Northern liuland 


STABILITY OF A DILUTE SOLUTION OF SODIUM 
IN LIQUID AMMONIA 

I WARSIIAWSkV 

Bijndcis IJnivcisity, W.illham MjssacliuselS 

(Rcdiret/ 'SO Jill) 1962, in ut iscJ Joi iit Ati^'iiil 1962) 

Vlistrait It has been obstived that hydrogen is evolved when sodium is distilled in a Pyres ssstem 
under stiek ' vaeriiim conditions I videnee is presented which suggests that the hydrogen evolution 
IS due to a ehemieal leaetion between the sodium and strongly adsorbed water on the siirfatc of the 
I’vies gl.iss 

II IS very dillietilt to prep.iie a dilute solution ol sodium in liquid amnumia at 7S C without 
SI line decomposition T his woi k deals w iih an investigatum of the soiiiee ol ihis insl.ibilitv 1 videnec 
i' IS been obtained whiell suggests Ih.il the sliongly adsorbed liytr ol moistuie at the glass liquid 
inleilaee is lesponsible for the decomposition Alter this layer ol moisture is elfectivelv lemoved 
lioin ilie inteilaee, the system appe.iis to he stable it 7.S C 

liititi IS d paucity of e|Udntildtivc data in the Itteralure* lor dilute solutions of alkali 
iiiet ils 111 lK|uid ammonia A possible explanation for this suiz”cstcd by Krals'** is 
111 il Iheie has not been tarried out a systenialit iincstieation ol the tondilions under 
which a stable diliile solution of the .ilkali metal may be prepared In the present 
iinestiiiatioii, the simpler sodium I’yrex system is lirsl studied Lvidtiiee is presented 
wliieli suggests th.it It IS \ery dillitull to leimive adsorbed w.iter from the Pyiex 
suilate It Is the ob|etl of this research to study the elfetl ol this adsorbed water on 
the siabilily of the blue solution at 7 S C 

LXPt RIMl M \1 

I i I liiiujiu’ fill liiim/i I uii\’ \/iuill (jiniiiliiu V <>/ '•iii/in/n 

In order to study the possible’ leaetivily ol .i Pviex suil.iee undo siiek vaeuiiin conditions 
devs ill in to "cm ot mcieury .is measuicel by i Mel eod g.uigc) a simple icelinieue \\ is used 1 r 

II insleii ing small c|u mlilics ol redistilled seidium to the suit lee I't interest I his teeliniqi.e ee'ilsisted 
"I ilisi illiiig sodium c'lito .1 gl.iss b ill which had a piece ol non imbcdde’d mil \t loom lempci iiuie 
I e jl iss bill coaled with soduini eould he ti.msferred by means ol i m.ignet fioni region I to region 
d 1 1 ig I ) w iihout coating the glass .ilong the p ilh ol ti.insler I he m iss I'l the gl.iss enclosing the 
‘O'li IS important It was ol sirllrercnl si/e so .is to hold the sodium which had been distilled iinlo if 
9 die ball IS loo small, there is a dangei that the sodium will he redistilled back ontc' the gl iss w.dls 
' I die i.ieiium line 

‘ < mill) Ilf \ocliiiiii II iiiiifi I ml 

h 'S iiselul l.i have some nieasuie ol the c|uanlitv ol sodium disulled m this ni.iniiei so th it a 
'iiliiion c. n be m idc helween v.irious tieainienls ol the pvies suilwe md the quintitv ol g is 
' iwd when the sodium is distilled on it In chlleieiit expei mients the quantily ol sodu m ti.insrericd 
' ‘ dd be ke pt l.uily constant by using sun laily sh.ipcd glass b ills tiid bv taking e.n e to eo it the gl iss 
’ with sodium so Ih.il they h.iil approsimalely Ihe same eoloui eb naetei isiies I he .imounl ol 
‘ ' I ' disiilled onto a glass ball was deUi mined bv le.ieling the sodium wiih excess deg issed-w itci 

' ' ' ic vaeuuni hue Alter completion ol the ie,ieticvn hc|uid imiogen vv is used to lice/e out the 
' ' ipoui .md the pitssuie of hydiogeit vv.is deleiinme'd bv .i eilibi.iled MeLci'd gauge Miet 
' dunie ol the system w.is eahbialed ( I ^0 1) the moles id hvdiogeit evolved it room temper uure 

•nsenl .icidiess N.iliivn.rl Aerivnaulics .riid Sp.iee Administi ilion 1 cvv is Rescireh Centre 
‘ " -'md Ohio 

' 'VKAUS, y Clii’in niiH 30 . RAflMAI) 
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wun- I. ili-iil iIlJ 1 \ liiL L IS lju 1 loni ihis llu moles ol sodium distillud on the glass hall were 

s dsLil Utl to be 10 ' 

// I iho'^ I n i I (iliili'iii 

It has bii n obs^i \nl lli it i me isui ihle t|iianl ilv of In dro”e n is e \ oKed n hen sodium met al IS 
el isl I lied mule I \ leiuiin eisielil ions Pies ions \\ei| k'- " indie lies Iss o possible sou fees Im lire h\ diogen 
esoliitmn I hese Is o souiees iie ele^issingol the soelnim ehiiin;' s leuiiin elislillalie'n anel leaelion 
ol llie soeliLiiii mel il ssilli kIsoi heel s\ ilei i'll ihe P\le\ snilaee 

1 1 ( I'l/iK III (i/ /’w 1 e on /(Il 

In i.idei to ilisei sei sshel’’ei Ihere is i eoiielition belssetn pieliminai) liealmeiit eil Ihc Pves 
sill I He II lei 1 he piessiiii ol I he e IS e > oKed s> h_n the soehiim is ilisl iMeel on il the lollossjii" proeeeiiire 
ssas used In piils('i) ilnom'li (lei) loin liihes is in 1 i” I sseie aiianged in seiics Ihe l’)ie\ 
sill I Ke ss as tie lied in ihe lollo s mi; \s ns 

(I) Not \s isliim' mel bikmpoiil Ihi l;I ' ss on ibe v ■eiium line at 100 ( lor ahont 12 hi sshile 
piimpine iinele I sink s 'eiium eonehl lOOs (In; 1) 


( 

I K. 


/ACL'iJM 



(2) Cleaning ssilh soip solution anel iinsing ssith Issiee distilled vsatei foi in esiended perioel ol 
time (one to si\ d ivsl iiiei biking out the gl.iss on the \ icuiim line at 400 C lor about 12 hr sshile 
pumping undci stiek \ leuum eondilions, (big I) 

(3i) Washing ssilh tssiee distilled water loi I hr and baking out Ihe glass on the vaeuum line it 
4{X) C lor about 12 hi sshile pumping under "stiek \aeuiini eeinditions, 

( 4b) Washing ssith reagent giaelc eii-ethyl ether foi 1 hr and baking out the glass on the saetium 
line .It 400 C for abeuit 12 hr while pumping under ‘ slick ’ s.teiium eonditions, 

(4e) Washing with leagcnt gr.ieic cihane)l tor emc hour .ind baking out the glass for about 12 hr 
at 400 C w hile pumping under stiek s.ieuum ee'ntlilions. 

(4el) Washing ssilh reagent gr.ide telrahydroluron lor I hr and baking out the glass for about 
12 hr at 400 C sshile pumping under "stiek saeuiim eondilions 

Sliich of till’ I’tli’i t of I'iicli ti culnun! ( 1 thioiii;h id) Onto eaeh treated surface 10 ® mole ol sodtiim 
svas distilled In eaeh ease an area ot appresviniatcly 10 cm^ of the tre.ated surlacc was visually obsersed 
to be coscred with the sodium him This distillatiesn was aceomphshed by using a yellow flame while 
pumpi.ig, sealing otf the excess sesdium tsvicc at eonsti letions (Fig I ), .ind finally distilling Ihe sodium 
onto the glass ball in the \acuum system The coated glass ball was tr.insfcrrcd m the manner pre- 
viously described to the part of the system to be studied 1 be quantity of gas liberated alter distilling 
the JO ® mole of sodium ontoc.ieh treated surface was small, the pressure in each ease was approxi- 
mately I 10“^ cm ol Hg To a First approximation, the quantity of gas liberated by distilling the 
sodium ontei the treated glass surlaee was independent of the washing technique (I through 3d) 
Samples ot this gas were analysed using a m.iss speetromclei and found to consist of hydrogen 
As ,i final step m this procedure, part of Ihe Pyrex system w'as baked enil on the v.icuuin line loi 
about 200 hr while pumping under ' slick" v.icuum conditions After this treatment was completed, 
10 “mole of sodium was distilled, first on Ihe surf.ice that had been at 400' C, and second, on the 
glass surface that had been at room temperature McLeod measurements indicated that a negligible 
amount of gas was given olT in the first case, m the second case a measurable quantity of gas wis 
evolved but less than the procedures involving 12 hr baking This evidence suggests that hydrogen 
evolution is due to a reaction between sodium and strongly .idsorbed water on the glass surface 
This strongly adsorbed water may be almost completely removed from the surface healed at 400 ( 
under the conditions described 

J SrRONO, Pioccdiires in Experimental P/iyxia Chap 13, p 534 (Prentice-Hall, Fncicwood Cliffs 
NJ (I960) 

S Dushman, Scientific foundation', oj Vacuum Technique, Chap 8, p 540 J Wiley, New York 
(1949) 
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In order to have some independent means of checking this conclusion, the following procedure 
u IS used A Pyrex ampule was treated with deuterium oxide for a period ol six clays lo allow lor 
exchange between the hydrogen and deuterium on the Pyrex surface Then the ampule was placed 
on the vacuum line (big I ) and baked for about 12 hr at 400 C while pumping under stick ’\acuum 
Londitions About 10 “ moles ol sodium was distilled onto the treated glass siirlacc by the usual 
piocedure A small quantity iil gas w.is evolved A sample of this gas was loiind to consist of a 
niixtuic of 11,!, Ill), and in about equal propoitions The presence ol HD and I), tends to rule 
out the possibility that all the gas evolved in the sodium distillalicm is due to a degassing of the 
soclium 


rnpuiiilion oj hliiL \ohilii>ii 

I he prcpanilion of a dilute soluticm of sodium in liquid ammonia at —78 C was carried out by 
use ol the picviOLisly described technique for tiansferring small quanlilies of sodium under slick 
cjcLiLiin conditions The apparatus lor the prcpai.iiion ol the solution consisted of an ampule with 
.1 side aim (Tig I) A^flcr the conditions ol stick” vacuum and a negligible leak i ile had been 
Lsl ihlishcil, sodium was distilled onto the glass ball contained in the side arm frcgion /I Fig I) 

1 nil ol the .immonia solvent, which had been diied over pot.issium was distilled into the ampule 
(legion /i. Tig I) The solvent was elcgisscd The blue sedutiem was prepared at 78 C by tnins- 
kiiing the coaled glass bill from the side arm (region 4) into the solvent (icgiem U) by mc.ins ol a 
inignct Alter the blue solution w.is prcp.iicd, the glass ball vvas removed 

Liiihilioii of guv 

I he blue solution w.is allowed to sit at 78 C for 10 mm, and then .i liquid iiitrevgen bath was 
pi iced around the ampule containing the solution 1 he McLeod gauge iiuhcaled that a sn’all amount 
ol non-condens ibic gas w is evolved the picssure being about 10 ‘ cm Hg A sample ivf this gas was 
uleiitilicd as hydrogen by means ol a mass spccire'metci Previous cxpciimenls had shown that the 
solubility of hydrogen in siilid ammonia at liquid nitre'gcn tcmpeiaiurc is negligible for pressures of 
livelrogcn less than 10 -cin (the langc of interest ) 

The picssure was followed fiT ,in hour and obseived to be eonsiani V.irving up to an hour the 
I ipse ol time between the tune when the hhie solution was mitiallv piepaied at 7S C and the time 
vlieii the nitrogen huh was |ilaecei ,iround the .impule eont lining the blue solution did not appreci- 
ahlv change the pressuio ol the g<is evolved 

1 iinalton of pii pamlioii 

I he met Intel ol preparation was varied to observe w hether this .illeeicil the amount ol gas evi'lved 
Keelistille'd sodium was distilled diieclly e>nto the bottom of the .inipule while pumping by use of 
the glass ball Iransleienee technique Three cubic centimetres of degassed ammonia were distilled 
iniiiihe impule dissolving the sodium and loiminga blue setiulioii at 78 C Then i liquid niliogc' 
b '111 w,is pi Iced areiund (he ampule eoiit lining the solution I he amount of g.is eve'lveel w.is e'f the 
V line iireler of m.Tgnitude as m the Inst ptepualieui 

A third nietheid of picpai ition was earned enit hv distilling 3 ml ol ilcgassed liquid ammonia 
iii'i an ampule areiund which a liquid nitrogen bath vvas placed A glass ball co Ued w ilh redistilled 
‘Kliuni was tiansferrcd fiom the side arm e'l the ampule onto the scTiei tmnumia 1 he liquid nitrogen 
null w.is replaced by a diy-iec acetone hith and a blue seilulion was Kirmcd at 7,S t_ The glass 
b'i| vea' icmoved Irom the blue solution Then the dry-icc acetone bath w.is leph.ecd by a liquid 
nuiogcii bath The McLeod gauge showed that a small amount ol non-ei'iidcnsahle gas was given 
"It lis picssure vvas of the same older ol magnitude as m the two previous eases 

I he iollowing variations in procedure seem to make vciy little ditleiencc in the quinlitv ot gas 

<l) the length of time in which the ammonia solvent was dried it 78 L over potassium (Irom 
one day to several weeks), 

t -) baking out the glass fiom cine day to scvcrtl d.iys at 400 C wliile pumping undci stick ' 
vaciitini conditions, 

|)) washing with liquid .inimonia, (4) combining (2) and (3) 
ihc number of times sodium is icdislilled (2 to ^ times) 

Ihnvcvei, washing the gl.iss with a solution ol sodium in liquid .iniiiionia lesultcd in i decrease 
I ' u (|uaiitily of gas evolved .is me.isiircd with a Mel coil but it did not ehniiiiate entiiely the 
U'>g( II evolution 

I Ur Lv idonee presented in the study of the sodiuiii-Pv icx system iiiihcates that the hvdrogcn 
' Ukiii ic i^cit due to a degassing of the sodium when it dissolves in lupiui amnivir a The hvdrogen 
' uioii ni.iy be due to a chemical icaelion The two reaetioiis whieli seem rcisi'iiable ire 
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(1) I iL ictioii lulwi-Ln t!ic hlat sc'luUoii .mil tliL adsc'rl'cd water at tiv glass lic|uid interface, 

(2) a icai-lion in wtin.li anmic is kiiincd 

vNaNH_,..„ , ni.a, 

r Ik loll. lu in;' c\pci iincni w is c iiricil out to slinlv lire conibincil ellcct that adsoi bed water plus 
\ lOII ( I possible deeoniposilioii piodiiet 111 ihe lust leaetioii) hi\e in eontaet with a blue solution 
at t \ -al iss inipule w lib Iwo siilc n ins was w ished w ith I) {) loi si s ila) s to allow lor e'\ehani;e 
on the suit lee Si'diuin ileuleiosKL was piep ired in tins .inipule on the saeiiiini line b^ ibe lollowina 
pioeediiK I 'sum the tiansleieiKe leehniiiue sodium w is re leted with excess degassed deuteniini 
oxnle on the saeuiim line Aliei ihe u lelion hid been eoinpleled, the ampule v\as lemined Iroin 
llie vaeuuiii line .ind \ new aippb ol sodium was inliodiieed at Ihe second side arm ol the ampule 
Mler the ssslem w is ii.luini.d lo the s.ieiiuin line llie ampule Containing ibe sodium deuteroxide was 
baked il 40t) ( loi abc'iil 12 hr while pumping under slick ’ vacuum eonihlions Ihe blue solulion 
was then piepireel in the pieseiiei ol the b ise It 78 ( Alter silting lor ibout 10 min Ihe blue 
solution w IS lio/eii bv the lie|uid nitiogen bath \ small t|uantitv ol gas was evolved a sample ol 
whieli u 's iiiilvs..d iiid IouikI to eonsist ol MDaiul H. in abeuil ee(u il proportions Allei pumping 
oil ihe g IS the svslein was alUwvexI to watm up inel Ihe .immoma dislillcil into a second ampule 
w hieh had been ele lived 111 the usu il m ii'iier I lie solve nt w is deg.tsscel ane! sodium was intiodueed 
into Ihe imnionn lorming a blue soliil loii at 7.S (. After siltnii; lor about 10 niin the blue solution 
w IS ag nil lio/eii hv pi leim; a i!e|uid piliogeii bath aioiinil the impule A small e|uantily ol gas was 
evolve'vl 1 simple ol wbieli was .inilvsed ai'el aeam lounel lo eemsisl ol Itn anel fk m ahoul eejual 
P'opoi 1 lolls I fiese lesalls Seem to nieheate ih It tile eomhnved glass sin I lee plus the sodium elellle i- 
oxiele wele no I i lie 1 1 lo I lie blue soil II ion at 78 ( I he le ippe n nice ol 1 1 1) ill Iwo sepal lie steps 
ol ihe ihevve pioeeekiie m i\ imlie lie dial the eleeomposit loil I ikes pi lee VI' an exehange me’eh imsin 
sUeh IS 

I 1) I’O.i, Ml lir- VOID ,n. - Ml.!'* 

\ oil s.nn 

(bi ;Na, , :MI,I7 --'>-Na„i., NH.n NH.Do„i, i Hl>a' 

s |0|> 


S/>( ( tut (>1 Sdhil 111,1 

In a leeeni sluelv '' ol lieei s I aw loi sodium in lie^uul ammonia it is slaleel ih il Ihe blue solul.on 
IS si ible 1oi long peiiods ol imie at (A ( ol luwei as iiidieateel bv s|ieell il measurements In 
idelilion It IS St ited that It IS mole dittieiitl lo piepaie a si ible blue solulii'ii il it is loo eliiule I bus 
the leaetion vv Inch accounts loi the inst ibililv ol a elilulc soliil lon ol soeliuni in lK|uid ammonia al 
78 t must expliin (I) ihe .nilial evolulion ol ;;as when live blue sohilion is piepaied and (2) die 
stabililv ol live blue solulion is i funelion ol eoneeiitialion as relleeled bv speelial iiie.isuienienis 
I he e X pi in 1 1 ion w hieh st.iles Ih il I he le is a leaelion between the sliongly adsoi heel nioisiiiie iiul 
I he blue soliilion s ilislies ihe abine two eonditions I hat is the inilial cvolulnvn ol liydrogeii is due 
10 a reaelion hetwee-n the aelsorbed moisluie and the blue soiutK'ii Alter Ihe moisluie b is been 
elleeliveiv le’inoved lioni Ihe glass li<niid mieilaee the system is stable as indicated by the speil’ il 
nieasuiemenls 

Ihe explanation wliieli states that the blue solution vleeomposes with the ti'imation ol sodumi 
amide along with the evolution ol liVerio‘;en iloes not aeeouni in a simple manner tor the app.ueiil 
stability ol the blue solution as lenceletl by the spcetril me isuicnieiils live dillieulty with this 
explanation is that it docs not explain vv by ihe leaelion stops alter the initial deeonipositn'n in w hieh 
hyelrogen is given oil 

n/ldtl ()/ soiliiitn liyi/ttixuli i>ii iIil s/hiIui of iIil hhie xolitiioii al 78 C 

Since sodium hydroxide is a possible deeomposilion product ol the reaction of sodium vvilfi 
adsoi bed water, a small t]uanlity of ihe hydroxide was introduced into a blue solulion at 78 f and 
the elfeet on live stability of the solution obseived 

live preveedure for inlrodueiivg a small amoiinl of sodium liydroxide mlo ihc blue solution is ' 
follows Approximately 10 ' mole ol sodium hydroxide were mlroduecd mlo live open end ol tlie 
fj-shaped eontamcr shown m l ig 2 The other end of the container had a sm.ill piece ol non im- 
bedded in It The fl-shapcd container could be introduced by means of a magnet into the cell regi.’i' 
of the system This system was placed on the vacuum line and pumped on for about 12 hr iiink' 

■ stick ■ vacuum conditions The blue solulion was prepared al - 78 C by the usual teelirue[ne '’I 
introducing 10 ' moles of sodium into 3 cm* ol the lii^uid ammonia The spectra of the meeliu n 
blue solution at —78 C was followed for about 45 mm and found to be stable Then the eonlam' ' 

1 1 1 


J L Dvi and R C DoinHiv,/ Atncr Chem Soc 82,4472 (1960) 
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with the sodium hydroxide was introduced into the solution It was left in the solution during the 
speetial measurements but was not in the light path 

After an initial decomposition of about 6 per cent, assuming Fleer's F aw to a first approximation, 
the speetia were lound to tie stable over the time lollowcd, which was about 45 min This procedure 
was repeated for a light blue solution at 78 C Alter an initial decomposition ol about (i6 per cent 
issuming Beer’s 1 aw to a first approximation, the spectra were again found to be stable o\er the time 
lollowcd, which was about 45 mill In both e isos, care was taken to avoid splishing when the 
hydroxide impurity was introduced into the blue solution at 78 C 


VACUUM 



I u. 2 Appai.itus lor introduction ol sodium indroxide into blue solution 


111 the expl.in.il ion which states th,it there is a re.ielion between the stnniglv adsorbed moisture 
mil the blue solution sodnim h'ydroxide is a possible decomposition pioduel .ilong wil'i the hsdrogen 
esoheel fhc above lesults suggest that after an initial dcee'iiiposilion piobahiv due to aelsenbed 
w iiei on the li](li<)\iih the blue solution is st.ible in the picseiiee ol the hvelioxide 

C ON( I I'SION 

A sttiiplc transfet tcehmeiuc hets be'cn iiscel to show that adsotbod water may he 
leiTioxcd from a Pytex stitf.KC when it is baked at 4tHf C for 20d hr while pumping 
umler "slick ' vaetuim e'onditions Addiiiona! experiments weie done using heaw 
walcr Analysis under eondilioiis ol b.ikmg at 4(K) C' lor 12 hr while pumping under 
slick ’ vacuum eondilions mdiealcd the presence ol Djand HD Tlie latter eorrobor- 
iivs the ptesenee ol adsoibcd vv,tter .ts Flic source orhvdrogen cvoluiion 

I he evidence suggests that the instabtlitv of a dilute solution ol sodium m lieju d 
onmoma at 78 C is due tvs a reaction between adsoibed watci and the blue solution 
Wlieii the adsorbed walcr is clk'elivciy removed Irom the glass liv]uid inleiface the 
oltic solution IS stable, as is rcnccled by speetial mcasuiemenls 

I' t ?icMi /( (Ui The authvir gialelidiv .ieknowled",es the eonli ihutioii ot [Si O Svnur iii the 
s sjieeliometer anabsis 
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THE RATIO OF THERMAL NEUTRON CAPTURE 
TO FISSION FOR 
M J CABhLL and L J Sin 

Chemistry Division, Atomic Energy Research Establishment, 

Harwell, Didcol, Berks 

( Rei eii cJ2i Novcmhi i 1 962) 

Vbstract - Alpha (the ratio ol neutron eapturc to hssion) fesr '“’“Pu has been measured at seven 
ililfercnt points along a flux seaiining tube of the PLUTO re-detor Highly-cnriehcd -”'Pu samples 
uere also irradiated to make allowanee lor the desiruetion evf this nuclide Experimental values of 
J lor “"Pii varied from 0 458 to 0 470 Correcting all results to 2200 m/scc neutrons gave a mean 
value for ol 0 770 ’ 0 008 (standard cr/or), a result which is in excellent agreement with present 
rwommended values, but does not include unecrtainties in the and r values for neu'ron capture 
and lission 


Dispin Ihe dependence of the neutron economy of tcactors on the values of alpha 
(the latio of neution captute to fission) for the piimary fissile nuclides, measurements 
ol this quantity for and slow neutrons have only been repoitcd twice Thus 

Kanm er ol as a result of measurements first dcscnbc'd in 1955 but probably made 
as eaily as 1947, have concluded tliat alpha fe)r the neutron spectium of the Hanfoid 
aaetoi is 0 42 with a piobable error of about 20 per cent From this ligiire i e 
the value for 2200 ni/sce neutrons, has been calculated to be 0 31 0 09 Again 

( t)( MNt.“' has measured the ratio of theabsorption cross section of “‘*Pu to its fission 
einss section for almost mono-encrgctie neutrons of 0 001 1 eV This ratio, which can 
he equated to ( 1 | a) gave 0 300 , 0 040 foi alpha itself a icsult which whoncor- 
ivelcd to 2200 m/scc neutrons gives Sly 0 30 0 10'-’ We thus have two moie-or- 

Ivss diicclly measured values evf for -^Pu i c 0 31 0 09 and 0 30 0 10. vvhich, 

iltliougli jhey aic in agreement with each othci. aio both very impiceise fhe piesenl 
A >rlv was undci taken m an atlenipt to improve this situation 

Micrograin quantities of a mixture of highly enriched -’“Pu and highly eniiched 
' I’ll, diluted two-hiindicd'fold with an mcit powdei in order to mimmi/c attenua- 
iitin of (he neutron density, were irradiated at several points along an aluminium tube 
wliieh seivcd as a Iiigh-flux inadiation position eif the PLIJ TO icaetor Cobalt 
'I’l'iiitois wcie attached to each sample to mcasuic the neution dose it received At 
IF same time samples of a mixture of highly enriched -^“Pu and highly eniiched 
' I’u, also greatly diluted and also with monitors attached, weic irradiated in similar 
P' Mlions adjacent to the -‘’'•’Pu-nch samples When the ii radiations weie complete the 
I!' iiiinn temperatures at two points along the inadiation tube were detei mined by 
simultaneous irradiation of ^"Co, -'“'U and '^®Sm monitors 

It Kanni.H B SirwARiandf A Wunr The PuhiviIhv^s of the Iiihnwiioual Coiilcnnce 
' 'hi Pitueju! Uvev of Aloinu l.iiert;), Geiieia 19SS \o\ 4 p SIS ( iiilcel Nations ( 1956) 

(' SjOstrano and J S Siorv, Nmlew Data foi Readot \ol I Pt’rganuvn Press. 

I'e published 

' I t'ofMNC., y Nud £«(vgr 6, 285 (1958) 
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The irradiated plutonium samples weie fieed from lissioii products by anui;, 
exchange chromatography and then isotopic compositions uerc compared with tlio ,, 
of similar iin-irradiatcd samples by means of a mass spectrometer In the case of ih, 
“■’’^Pu-rich samples it was thus possible to determine (a) the amount of -’“Pu whieli was 
destroyed by both neutron captuie and fission combined (this is proportional to iIk 
absorption cioss section of “®''Pli) and (b) the piopoitioii of this ijuantity which was 
con\eitcd into -^"Pii which lu/v/w/ suhscqtunth dcslio\cd hy neiition capture Simi- 
lailv tliL results fot the -^^'Pii-rich samples showed the late at which -*"Pu was 
destioccd so tins mfoim.ition could be used to eoriect the lesiilts foi the -*‘'Pii-iich 
samples in oidci that the loud i|iiaiitity ol -'"Pii, iiiespectoe ol its final late, foimcd in 
these samples thioughoLit Ills iii.idiation could be dclci mined .ilso, this t|uantity is 
of com se, pi opoitional to the captuie cusss ssction of -’"Pu 

The LspsiimciUs thus gasc a diisct measiiiement of the ratio ol the absorption 
cross section ol -*''Pu to its captuie ei<sss section loi a variety ol leactor spcctium 
conditions and since this latio is ct|ual to (I I/-/) y could be dcteimined (the 
ciicumllcx indicates an effective value foi a leacloi spedium) Given y and the 
spcctium paiamcteis which vveie also measuicd, y,, could be obtaineil also 


C \ t C I ' I \ I IONS 


Let us suppose th<it a target matciial is chosen m which the initial numbei ol 
ati'ins ol -*''Pu -‘''Pu -"Pu and -■‘-Pu aie A'„ A', „ and AT,, respectively, and 

that aftei iiiadiation with a dose of r nculions pei cm-, the cm responding numbei s 
aie V., A„ \\ ind ,V_, II we ddine „ as /^, ,V,,/A , as /f,. „ aC /?„ A'„/A', 

as and N, as then it can be shown that 


in which 


'V./A', 0 


,,/S (/f| Ryt)!{R, 1 R 

, exp ( 

d„/))(l 

d) 

„ cxp( /?-<f,[e\p( 

-da) 

exp ( 

A| 

ms 


e\p( S|7);( Sl - 

d^)(A| 

d„)“ 




eep (-d„i)/A, - 

d„)(d„ - 

<h) 




e\p( da)/(d„ 

d.K.S'i 

'h). 



/^id,,d„d, 

c\p(-S.,i)/(.S', - 

A„)(.S., - 

d||)( S,, 

a.) 


e'P ( d„f)/(.S", 

d„)(A,, 

dn)(d„ - 

d_,) 


exp( A,/)/(.S, 

d,)(A, 


'3()) 


' exp ( d,i)/(,^., 

d,)(d„ 

dJ(.S'| 



B IS proportional to the ratio of two senes, as follows, 
[I (A.,/ d„()/6 i ((5,,r)- f 


B 


(7,d 


(4r)(<V))/24 


d.) 


[> - -r 'V)/2 a- ((.?,,/)“ -f (d„r)- -{ (,'?,( )(d„r))/6 ] 


( 1 ) 


( 2 ) 


( 3 ) 


and the symbols S and a indicate neutron absorption and capture respectively, the 
subscripts 9, 0, 1 and 2 indicate ■•“'Pu, ^‘“’Pu, “'"Pu and -^-Pu respectively, and the 
circumflexes indicate reactions m a reactor spectrum 

In order to calculate A|,/du then, it is necessaiy to know /?,, /?_,• ‘^"‘3 (dd'l 

as well as the factors A and D which correct for the loss of “‘‘“Pu and ^'"’Pu by neutron 
capture during the irradiation and the simultaneous production of “‘‘^Pu by successive 
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, , 1 1 on capture from plutonium isotopes of lower mass number In addition it will 
ibat B itself involves only f§„/) and Now', the atomic ratios can all be 

I I t^lllcd conveniently and precisely by means of a mass spectrometer In addition 
I y I w ill also be known since it is determined by the othci variables, thus 

esp( V) R,AiR^ (4) 

ilial apait liom the factor A it only remains to determine ('T,,/) 

()i\en the spcctiiim condilions ol the iiradiation positions which could be me.is- 
iiied Mulepcndentl), It would be possible tocaleulalc <r„{and hence o„i) since the varia- 
ii. n ol this c\uantay with neutron lemperatme and ept-thettnal \nde\ ts known fatrly 
pueocly*" We have preferred howcvei to adopt tlie more lehable procedure of 
naasLiimg (d,/) independently in subsidiaiy experiments 1 or this purpose a mixture 
Loiisisling almost entirely ol -'“Pu and -’-Pu alone xvas piepaied and ahciuiUs weie 
iiiadiated in positions adjacent to the olhei samples Poi these mixtures the 
i.xpiLssion 

/?, / /?jexp( d„/j /?,d„(e\p( d,,/) -cxp( S,,i)]'(,S„ - d„) (5) 

na', applied, and gaxc (d,,/) directly (the last tcim on the light liand side ofcqualion (5) 
IS \ciy small and can be calculated) This mfoimalion w.is then used fuithci since, 
il \ie know'(d|,/) and / (fiorn the cobalt momtois) and hence d,, it is possible to calcu- 
late the cpi-thcimal index of the iiradiation positions liom the dependeneo of d,, on 
this quantity 

All mass spcetromcti ic measuiements weic made reiatne to -^-Pu whoso eoncen- 
ti.ition in the samples had been altered by up to 3 4 per cent by the iriadiation The 
eoiieetion term neeessaty to allow for this is the factoi 1 nnoUed in both cquations(l ) 
and (5) and defined by equation (2) In tins last expression the fust tcim on tlie right 
hand side le exp ( d^;), allows for the destruction of -’-Pu by neutron capture 

whilst the othei terms allow toi Us simultaneous foimation fiom piutomuin isotopes 
III lower mass numbei We have supplied the nuclear data neccs-jary tor the calcu- 
lation ol\l liom liteiature values where necessary and although the dependence of 
S,,/d,, on the value assumed for A is not great, the lack of precision m f is nevertheless 
die Lugest single source of error m Us dctei minalion This fact will be discussed in 
inoie detail later 

Having obtained >SVd,, by substitution m equation (1), tins can be set equal to 
(1 l/y) and 5 can be obtained This is related to y„ by tlie expression 

-= I 

"1 which / IS the epi-thermal index (obtained from a knowledge of d„) and g and s are 
factors which desciibe departure from l/v behaviour in the theiinal and cpi-thcrmal 
ugions of the neution spectium respectively The subsci ipls / and y imply fission and 
' -ution capture respectively WisrcoiP'*’ has listed values of g and s foi “*'*Pu as 
> iiKtions of the neutron temperature and epi-thermal index and we have used his 
' ihlcs for our calculations 


I H Wisicorr, Atomic Eoiergy of Canada Lid , Rcpoi 1 C RRP 9fi0 (Sul f U Coi iteted) ( 1 960) 
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1 XOFRIMINTAL DETAILS 

Many of tliL experimental leehmquex cmploved in this woik have been discussed in detail in 
pievious publications' '' so only whcic details dillcr w-ill they be mentioned here 

1 A/«ss II oiiu fi ic iiutisiiit'iiu'iil'i 

■Ml mass spcetromcti le mtasuiements vveie made using an A h I Type M S 5 mass spectrometer 
1 or each isotopic anal>sis about 0 1 /ig plutonium was mounted on one of the side lilamenls of a 
(ungsien t ripie -filament surface loni/ation souice and undei these conditions it was found that a 
satislaetoiy and sustained mass spe’etium could be obtained with centre and side hlamcnt euiicnls 

01 about 6 A and 1 A respectively 

2 Tiirgi / muh i nils 

Samples ot Ihiee highly enrieheil plutonium isotopes ■''’"I’li f99 9 per cent), •^"'I’u 19*) 4 per cent) 
and ■'‘-Pu (9S I per cent) weie supplied by the I leetromagiietie Sepaiation Group ol the Chemistry 
Division, \ J K I ,and these were blended to give nuvturesof the appropi latc isotopic etimposition 
I or the •""Pu-rieh target nialei i.il A*, w. is chosen such that it would approximate to 1//?, thus avoiding 
making either latio cither very large oi very small Lor the -‘"Pu-neh taiget material /f, was chosen 
to be approximately unity since this eonditum minimizes random errors in the measurement ol the 
dilTeicnec between two appi oximately ee|uai ratios 

In oidei to eliminate peissiblc eirors arising from source variations, hvc separate mass speetro- 
metrie soiiiecs vveie prepared liom e.ieh target mixtiuc and for each, at least twenty consecutive 
measuiements vveie made ot e<ich isotopic ratio ol interest The results lor each source wcie then 
averaged and the avci tges weighted proportionally to the recipiocal ot their variances to give final 
weighted means In this way H,, and R, weic found to be 000740 0IXKX)4, 1 1660 > 0 000> 
andO(X)855 0 OtXXH respeetnely for the -'"Pu-neh targets and 4 ^^79 00048,001712 000018 

and 0 00406 0 (K)(K)I lespcetively lor the ■‘■‘'■’Pii-i leh targets, for these latter it was also shown that 

the number of -‘‘'Pu atoms was less than e>ne Ivir every ten thousand ■""Pu atvims 

1 Inadialioiis 

for the iiiadiations the pUitvimum mixtuies were diluted with 2(X) times their own vveighi ot 
silica About 500 /tg pliilonium in 2 ml nitric acid were sluri led with 100 mg precipitated silica the 
mixture was ev aporated slow ly to el ly ness w ith liequent stirring, a ml finally heated to 800 Approvi- 
mately 10 mg ot the pluteinitim-l iden powder were taken lor each irradiation and sealed in a silica 
tube ’"Co -■‘HJ and ""Sm mesnitors were also picpaied as described previously 

The aluminium llux scanning lube .ittachcd to the side of the fuel element B2 ol the PI U TO 
reactor was usid tor irradi,ilions I Icven sampiles, each packed, together with a cobalt monitor, 
inside ,1 small ii radiation can, vvete stiung together and lowered into the tlux se inning lube lor an 
irradiation of forty-seven days Numbering the cans from the top downwaids, cans 1 6 and 9 
contained -"’Pu-neh samples and the rest ■”“Pu-rich samples 

Immediately after the irradiation of the samples had been completed, the neutron temperatuie at 
two points along the lube fpositions 4 and 8) were measured by the simtiltaneous irradiation ot 
’■"C'd -■‘"U and "”Sm monitors 


4 Po\l-irrailialu>n irccitnunl 

After irradiation the sample cans were transferred to a lead-shielded cell, opened by remote 
control, and the cobalt monitors were removed lor separate measurement Lach sample tube was 
broken open hy percussion, the contents were transferred to a platinum dish, treated with hydrofluoric 
and perchloric acids to remove the silica, and the plutonium was recovered in 2 ml of 8 M nitric acid 
This solution was then fed to a glass column containing 100 mg De-aeidite LF upon which the 
plutonium was absorbed whilst allowing the bulk of the fission products to pass through The 

VI J Cabell and L J Slfe.T /no/,g Niul Chem 24, 1493 (1962) 

M J Cabell and L J Slef, 7 Nucl Energy, Parts A/B, 16, 195 (1962) 
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decontamination of the plutonium was completed by eluting the column with 8 M nitric acid and 
the plutonium was then recovered by passing 5 ml of a solution, 1 M in hydrochloric acid and 0 1 M 
in hydroxylaminc hydrochloride, through the column This eluate was evaporated to dryness and 
ilic plutonium was eventually recovered in a small vc>lume of nitric acid Finally a suitable aliquot 
vias evaporated to dryness on a microscope slide and the residue was transferred as an aqueous 
suspension to the side filament of a mass spcctromciric source 

Contamination of the irradiated samples by plutonium of a different isotopic composition ssas 
tendered unlikely by the fact that only new apparatus was used and the shielded cell had never 
contained plutonium before The possibility was eliminated entirely by putting unirradiatcd samples 
of plutonium through the separation process when it was found that their isotopic composition ssas 
unallered 


RFSULTS 

The neutron temperatures measured for positions 4 and 8 were 107^ and 106" 
lespectivcly We have assumed a temperature of 106 ’ for all samples 

The results for the *‘''Pu-rich samples arc given in Table 1 m which the factor A of 
column 3 is defined by Equation (2) and the factor C of column 4 is the term Jii'Tg 
[e\p ( Oq/) - esp ( - dfl) of Equation (5) The neutron doses of column 6 

vs ere given by the cobalt monitors and allow the calculation of The epi-thermal 
indices of column 8 were obtained from the expression 

<T„ -- (286 I 7) (1 0536 + 38 66r) barns (7) 

foi which the thermal capture cross section quoted by HccHrs cl al and the tf and s 
factois given by WtsicoiT‘‘' have been used Cpi-thcrmal indices measured in this 
way gave results which were m satisfactory agreement with those obtained by making 
cadmium ratio measurements of gold with the reactor running at low power 


Tmill I - Rtsuers k>r ihi -"’Pu--‘'Pu mimiris 


Sample 

position 

R, 

A 

r 

t 

0 9072 

0 9884 

0 00068 

6 

0 8261 

0 9860 

0 00076 

') 

0 8286 

0 9864 

0 00076 


I (To 

p( 'll,/) (neulron/cnr) (burns) / 


0 7685 

2 807 

10-”’ 

938 1 

0 0576 

0 6981 

3 124 

10=" 

1081 1 

0 0705 

0 7001 

1 161 

10=" 

1059 8 

0 0686 


I he results for the “’‘’Pii-rich samples arc given in Table 2 In this table the iso- 
icpic ratios /?, and were obtained, as with all isotopic ratios for irradiated samples, 
hy picpaiing duplicate or triplicate soiiiccs, making at least twenty consecutive 


Fabll 2 -Alpha i-or a RrvrioR spk irum and for 2200 M/scc nfihrons 


^ '"'pIc thermal / 10 ^ L\p *»o 


llJOtl 


index 

(iicucrtin 1.111 

( 4_/) 

f 

"4 

(h iiiin) 

( S ,i) 

H 

V. '^9 

x 

*ti 

1 

1 2M 

0 0490 

2 369 

0 9800 

0 9817 

0 3465 

843 0 

0 7330 

0 1089 

3 183' 

0 45'9 

0 37p 

4 

2 %1 

0 0619 

^ 026 

0 9695 

0 9730 

0 4236 

965 9 

0 6622 

0 1685 

V 127“ 

0 4“00 

0 3'60 

s 

2 

0 0662 

^ 298 

0 9650 

0 9696 

0 44'J|< 

103 3 0 

0 6320 

0 1956 

3 

0 46 39 

0 369 3 


2 7^0 

0 0699 

} 449 

0 961'’ 

0 96TJ 

0 

J0'’4 I 

0 6064 

0 2153 

3 1609 

0 4628 

0 36“0 

'< 

2 744 

0 0693 

1 506 

0 9614 

0 9669 

0 4'0<> 

1 0W> 9 

0 6094 

0 21“ 3 

3 1 312 

0 46S8 

0 3“21 

' (1 

2 H4^ 

0 06S0 

3 227 

0 <1650 

0 9694 

0 44^8 

1052 (» 

0 63 35 

0 194S 

3 1600 

0 46 30 

0 36'*4 

1 1 

2 K80 

0 0673 

3 191 

0 9656 

0 9699 

0 4 345 

1045 ^ 

1) 64 36 

0 1906 

3 164“ 

0 4620 

0 36“4 


*'■' J HuciiiFS, B A MACiURNoandM K Brussi i , BNL ^25 (2nd f d ) SupplcniciU No 1(1960) 
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mcasuicmciils ot each isott>pit latio of interest for each souice .iiid averaging the two 
sets t>f results using tlie reeipioeals of their v.inanees as weiglUing facteirs Agreement 
between replie'ate analyses was usually to within one part m thiee hundied or better 
The epi-thermal indiees and “’"Pu elfective eross sections of columns 3 and 8 of 
the table weie obtained b\ mteipolation fiom the results for the -*'’Pu-rieh samples 
and the ealeulations ot liom a(eoliimns 12 and 13) was made by means of equation 
(6) using the Wisu oi i g and e factois appiopiiate foi 106 

An examination ot equation (2) sheiws that, apait fiom the faetoi exp ( d,;), all 

the teims needed foi the ealeiilatiem of ( (eohimn 6) are dependent on the value 
.issLimed for d, We ha\e used the expiession 

d, (f7l ' 22)(l 0992 i- 1 0088r) bams (8) 

whieh IS based on a theimal cross section due to Sr()uv‘‘^’ and g anel s factors derived 
by \\h s I ( () I 1 to ealeulate this We shall diseiiss the deiixation of the factor 
exp ( Lilei 

The sexen lesulls foi listed in I.ible 2 give <t mean value of 0 3702 with a stand- 
ard eriorot I 000l3whieh is due enliiely to statistical vai lation It should be noticed 
that theie is no obvious trend in the values for with increasing epi-theimal index 
such ns would indicate a systematic erroi m the mc.isurement of this quantity 

I RRORS 

An examination ot equations (I), (2) and (3) for possible sources of systematic 
eirors in the deriv.ition of S(,/d,, will show that these can aiise from the independent 
factors /?j, y?j, (.So/) and A It can further be shown that, with the data which have 
been quoted in this papei, the eflcets of the lust three teams aic small, they can only 
introduce enors of up to ' 0 03 pei cent. _l 0 3 per cent and IT) 08 per cent le- 
spcctively m .S.,/d,| Moreover the ellect of T can be divided into two pai ts, that due to 
the tei m exp ( - d^/) and that due to the othei terms of equation (2) which are depend- 
ent on the value assumed for d, Whilst the error in exp ( — iT/) is appreciable the sum 
effect of the othei teims is a possible erroi of only i 0 06 per cent m i’o/dg 

In calculating exp (--d,/) the difl'iculty lies m knowing the value to adopt foi a. 
Only two measurements of use hete have been made of the variation m the captuie 
cross section of ■‘‘-Pu with neutron energy Thus Coil et til using an 88 5 per cent 
sample of the nuclide, measured the variation m its total cross section from just above 
thermal energies to several keV and found that only two resonances, with peaks at 
2 65 cV and 53 6 eV, dominate this region The carefully measured resonance param- 
eters were used to calculate a resonance capture integral of 1050 ! 150 barns and a 
contribution of 19 2 ‘ 3 3 bains to the 2200 m/sec cross section, but, unfortunately, 
direct measurements m the thermal region were not possible 

Again, Butler et a! ‘i*)) have used a rather indirect activation method to measure 
the integral capture cross sections of ^^^Pu in both the sub-cadmium and epi-cadmium 
regions of a reactor spectrum Correcting their results in the light of more precise 

J S SiORV Private communicalion (1962) 

R t Coif, L M BollinciEr, R f- Barnfs and H Diamond, P/iyj Rev 114, 505 (1959) 

(loij p Betfler, M laiUNSBURV and J S MtHHiTT, Ca/iail J Phyi 35, 147 (1957) 
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values for the subsidiary nuclear data used in thcir calculations gives 19 8 ■ I 1 barns 
and 1380 barns for the 2200 m/sec capture cross section and resonance capture integral 
respectively Thus, whilst the thermal cross sections given by the two measu rements 
are in agreement, the resonance integrals arc not To resolve this dilemma we have 
assumed the Bun tr ef al figure for the thermal cross section, since this was obtained 
by direct measurement, but have preferred the Coir et a! data for the resonance 
integral since the method used to obtain it was both more direct and less liable to error 
Thus, in the teims of WrsKon’s convention,*'*’ the effective cross section of “‘‘^Pu 
IS given by 

fl, (19 8 I I 1) I (1041 i l50)/-\''(4T/7r7’o)barns 
which, foi a neutron temperature of 106’ becomes 

o. (19 8 1 1 1) 1 (1335 -i- 192y barns 

.md it follows that the value taken for (h may be in erroi by as much as 12 per cent, 
this, togelhei with the uncertainty in the neutron dose, is reflected as a possible error 
of 1 0 9 per cent in SfJfAj 

In total then, the uncertainty in is I 0 per cent and this is equivalent to an 
Linccitainty of 1 4 per cent in 7 

In Older to calculate from 9 it is necessary to know the neutron tcmpeiature and 
epi-thermal index Although the two neutron temperature measuiements gave results 
which agreed so closely (106 ' ,ind 107 ), we believe the agreement is fortuitous and an 
uncertainty of ‘ 15’ is possible, this would give an error of 09 per cent in 
Similaily the systematic error m determining / is only 4 per cent but we have 
assumed a possible crior of ' 10 per cent to allow for the uncertainties of interpol- 
ation and in the assumption that the measured epi-thermal index can be used as an 
average value appiopnatc to the whole ii radiation A 10 pei cent ciror in / gives an 
uncertainty of ; 0 7 pci cent in 

I astly we have assumed a possible erroi of lO 1 pei cent in the measurement of 
isotopic latios of heavy nuclides diffei mg by one mass unit due to mass discrimination 
in the mass spectrometer 

To conclude, systematic eirors in 7,, may arise as follows - 

from the dctei mination of 7 14 pei cent 

from unceitainty m the neutron tempeiatutc 0 9 per cent 

fiom uncertainty in the epi-thcrmal index 0 7 per cent 

from mass disci imination m the mass spectiometei 0 1 per cent 

Combining in quadrature this gives a total unceitainty of - I 8 per cent If this is 
now' combined with the random ei ror, and uncci tainties in \\T srcoi i 's g and v values 
h'l “'''Pu arc neglected, a final result for 7„ of 0 3702 0 0080 is obtained 

ni.sciissiON 

It has been pointed out that the only previous diiect measurement of a„ for -’’’Pu 
'' ive yielded the values 0 31 | 0 09*" and 0 30 ; 0 10*" icspectivcTy , our tiguie of 
’70 1 0 008 is consistent with these Foi a more precise comparison hguie however 
‘ e must look to indirect methods for obtaining alpha from its lelationships with 
' 'her directly measurable nuclear paiameters Of these, the most impoitant is the 
h ' t that the ratio of the absoi ption to the hssion cioss section (both of which can be 
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measLiicd independently of either each other or alpha) gives (1 | y) directly As a 
result of relationships such as these a “world consistent set” value for alpha for 
h.is hcen obtained and is 0 39 0 03 at present Sintilar considerations using more 

lecent and reliable data have led Sjosirand and Siory to recommend a value ol 
0 386 - 0 013 It vmII be seen that our result is an excellent agreement with both 
these iigurcs 

'I he only errors we ha\e not taken into account in our results arc those which arise 
from using the g and s \alues given in Wisiton’s tables*^* for neutron capture and 
fission in “'''Pu It IS difl'icult to deteimine exactly what these errors are However, 
the g and v factois aie not fixed, but depend on the best diireicntial cioss section data 
available at the time ol calculation, they will thciefore alter with time and it is to be 
expected that they will differ from the true values by progressively smaller amounts In 
this lespect it IS signilicant that with data taken from the thiee editions of Wtsicoi I's 
tables so fai published (covering a peiiod of four years) the factors neccssaiy to 
correct the a's given in this paper to y„ have altered by only I > to 1 1 pei cent 

Rather than guess at the eiiois associ.ifed vvitli g and i we have prefcried tocpiote 
a final lesult which does not include them and to set out the individual lesults in such 
a way that should the factors be altered slightly in the future, amended values ol 
may be calculated simply 

/tiA/iaii’/o/et won -Oratefuf ackiiovsledgemeiit is made to Mr D Avers for his help with some ol 
the mass specirometric incasurenicnts 
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THE PILE NEUTRON FISSION YIELDS 
OF ^^’Sb AND '^»Sb 


b Ha(.iro 

The Giistaf Werner TnsUtiite, Unnersity of Uppsala, Uppsala, Sweden 


(Receirctl 15 Oaoher 1962, in revised form 8 December 1962) 


Di RiN(. a study of the ji /IT-branching of 33 day '-^"‘Tc, A\dlrsso\ and Hagi.bo’*’ 
loiind that previously dctei mined’- fission yields in the mass 129 chain were in- 
consistent especially after the deteimin.ition of the branching of 14 6 per cent from 
'-'Sb to ‘-'>''Te by Pappas and Wisilri und’’* Grommit'*'* and Pappas'-’ have both 
iiuasiiicd the fission yield of '-'Sb and found 0 2 and 0 4 per cent respectively These 
values were taken to be lower limits, as the half life of the tin parent was unknown 
Novn'-" and Pappas'-" measured the fission yield of '-'-”"70 and obtained values of 
0 19 and 0 35 per cent icspeetivcly, and finally Porkavasiha and Mar( 1\'" have 
mcasuied the fission yield of '■''’1 by neutron activation and obtained 0 9* per cent 
■\n attempt was thciefoie made to measure the cumulative yield of 4 34 hr '-"Sb,'"’ 
..s this nuclide is cvpeclcd to represent about 9H per cent of the total chain yield from 
cliaige distribution considerations 

I he yield of 4 34 hr '•’’'Sb was detci mined relative to 93 hr '-'Sb mainly by counting 
ihcii respective daughtcis, i c 67 mm '•'’''reand 9 3 hr '-''^Te The latter nuclides were 
I'uLitcd from then antimony precursors after a suitable growing in time This ap- 
puMcli was used instead of direct counting of antimony because of the greater simplic- 
'iv ul the resulting decay cuivcs and because the tellumim decay schemes are better 
ki'ovvn [direct counting of one antimony sample, however, gave the same result as 
ilv indiicct approach To check the pieviously measured fission yield of *-'Sb, 
""Ha was in two experiments used as a monitor 

Quite leccntly, Hagi bo, cf al have shown that '■'"Sb and '-"'Sb each have two tm 

' I lie .lutlwii IS indehleU to Or ti R Msri in (or .m instructive pi ivatc communication coiiccrniiii; 
" IV ol iliL il.iUi given in lelcrcncc ( 1) 

G VsiiiRsoNandL llvvaHo (i Air / i mA, 22, V49 ( 1962) 

\ ( Pvi-i'AS. Report AhC U-2806, Ml r-l NS-6V (I9sr) 

I I'l ui^^iiial Disscrtnlion I inivcrsily of Oslo ) 

" 1 Pi RRAYASiHA and ti R Makiin, (c/ii/c/ y Clum 34, 29) (1956) 

' P Novrv, Riidioeliemiud Sliii/ies The TTssion /’lodiirls (Ldilcd by C 1) Corvul and N 
Si 1 1 iMisjps piutdfiium Project Record Uiv IV V'ol 9 p 976 Metu aw -Hill, Ni w \ork 

' Ms| ) 

' < Pvl'PAs and f -A Wisiirlund Pi i\ ale communication ( 1 961 ) 

' I (jRUMMii Person.il communication to Pappas 

' ' Hiiu G H Ni umann, O MiiiN.ind I AivaiiPR tikn fwik 21,15(1962) 

' 55 I Ni.n KhMfciR J A SlillR,b P SmNBiRrtandl Winsbiri, Rndiocln miiol SluJn s The 
‘•’I Riodiicl s Urdited by C D CoRvnc.indN St c.arman), NNl S Plutonium Project Rc-cord 
' ' IV, Vol 9, p 1172 McGraw-Hill. New Yoik U9S1) 

*lv(,iii(> A KjUBLRoand A C Pappas J Iihui; \'ii(I (hem 24.117(1962) 
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prcLiii surs 4 6 nun and 2 2 hr'-'Sn and 8 8 ininand 1 0 hr'-‘'Sn, and the same authors 
Lslimatcd the ratio between the yields ot 8 8 min '-‘’Sn and 1 0 hr ^-'Sn to be 9 10, 
and between tile fields ol 2 2 hi '-'Sn and 4 6 mm '-'Sn to be 3 4 Using 9 and 3 lor 
these two tatios, eombmed with the expoeted yields fiom the ehaige distiibution 
gueii by Pxppxs'-'* we obtain about 8 pei eent of the total chain yield Ibi 1 0 hr ^-‘'Sn 
aiul about 30 pei cent loi 2 1 hi '-’Sn 

Standard ecpiations of railioaetne decay and giowth weie used'-’ iind the time for 
sepaiation ol antimony fiom the fission mixtuie and especially from tin, was so chosen 
that an uneeitainty ol 100 pel eent m the cstim.ited liaetional chain yields foi the 
tin pieeiiisois lead only to about 2 pei cent uneeitainty in the yield of antimony 
I his IS the ease foi both '-'Sb and '-'*Sb 

I \(M R I M 1 N FAI 

LO ( N< ) ilj (ill a) p .1 was iiiadiakd Im 2 hi in llic Sloethnlm icaetoi Allei abe'ut 7 hi ihe 
la I gel was dissoKe'd in t M I R 1 w iili Sn ( 1 1 ) ind Sb ( II I ) eai i leis added 1 c inelal was piceipilaled 
hy adding eseess I e I V'wai i lei , and eeiili iluged oil I his ensuies .in osielalii'n eil Sn lo ihc te'travalenl 
slale Sb Sn and I e siilpliides weie then pieeipilated w nil IRS gas lioin 0 5 M I It I and the Sb and Sn 
sulphides dissolved in (i iS M I It 1 I lie seilution evas Iheii diluted and adjusted to 7 M NH,St N and 
0 s M in lit ! SnllV) w is lemovcd hoin Sb by extiaelion ol Ihe loiniei into elhyl cthei at a pie- 
deleiinined time .iltei ihe end ol iioKliation Ihe lililhei put ihealioi. ol Sb was aeeomplistle'd by a 
sulphide pieeipitalion ,md isopiopy lethei extiaetions .isdeseiibed by 1 1 wa no c/ a/ 

Alter the puiifieation ofSb which was eompleled about 10 minules .iller the separation liom Sn 
le niehil was pioeipitated Irom .i hot 1 N fit l-solulion eontainmg Sb, tismg hydra/ine thhydio- 
ehloi ide and sulphui dioxide t eiiti ilug.ilion ol the preeipilate ni.iiks the stilt ol giowing-in ol le 
liomSb AllerO IZhinew Tel I V) earriei w .is added and piee ipil iled in the same way Papi’ vs .iiid 
\Vi sti Ri t'sn ■’ h.ive shown ih.it einiiplete exchange oeeuis between the Te activity made by decay ol 
Sb.ind Te(IV leainei The pieeipil.Ue was dissolved in UNO, and repieeipilated twice Te mel.il w.is 
hltcicd on to pielic.ilcd pic-wcighed hitei p iper disks and chemical yield wasdcicrmincd by weighing 
bcfoie nmtinling on tape in .i punched e.iid Ihe iceiiielievn to mclal ot Sb w.is pciformed using 
tiClj and chemical yield detei mined .IS fell Ic 

Baiium was in two eases isol.iled ruvm .in aliipiol til the t.irget solution, using Ihe melhoei ot 
CltlNOIMN 

The counting w.as performed using an end windivvv llesvv proportional eountei An aluminium 
absorber was used to absoi b the conveision elections fiom Ihc mclaslablc stales Correction laelois 
for absolute p'-t;,mniing were applied in a standard w'ay and they wcic taken lioni the works ol 
Pappas'-’ and RtjrrsTAM'"’ The decay schemes adopted were those given in nuelcai Data Sheets," ' 
except for the case of '-'Sb Toi this nuehde the /f-cncrgics given by Day anti Vou,i " " weie used as 
the ;'-spcetrunt claimed by Bost H and MuNCzrr"" could not be verified " 

The decay scheme ol ’ -"Sb was for the single antimony sample counted, taken to be the same as loi 
'”Sb This determination is therefore more unccitain than the others The branching from Sb lo the 
ground state in 1 e is measured by Pappas and Wfstlrujnh''’' and amounted lo 0 854 lor '-"Sb and lo 
0 796 for "‘Sb The fission yield of '"’Ba is taken lo be 6 35 per cent 

L E Ol FNDENIN, /Jui/zor/tmiiru/ 5'/i«/ic's The rnston ProtliKl', (Edited by C D CoRYllI and 
N SlJ(iARMAN) NNtS Plutonium Project Record Div IV, Vol 9, p 1657 Mc&raw-Hill, New 
York (1951) 

"" G Rudstam, Inaui;iiuil Dissertation, Uppsala (1956) 

Mill lew Data Sheets, National Academy of Sciences, National Research Council, Washington I's 
D C 

M C Day, Jr and A F Voit.r, P/iyv Ren 101,1784 (1956) 

H Bose u and H Munc/fc Rhys Rer 106, 983 (1957) 

E EIacjI no, Unpublished work 
S Katcoff, A'«r/tw;(cs 18, No ll,p 201 (1960) 
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RtSULTS 

Tabic 1 summarizes the results obtained 


Taiii t I 


Run 

t lement 
counted 

>(I27)('’/) 

4(12*0 
Ratio 1(127) 

1 

Sh Tc 

0 14K 

7 16 

2 

fc 

0 150 

8 77 

V 

re 


7 80 

4 

fc 


7 45 


i'(127) - 0 144 

0 008 

R 7 80 0 70 


The oirois quoted aie standard deviations J-rom these data the fission yield of 
'-■'Sb IS ealeulatcd to 1 12 pci cent The standard deviation of this value is estimated 
to be 15 per cent, the mam contribution coming from uncertainties m the correction 
factois used in connection witli the /^counting The yield is much higher than the 
eailiei leported values, i e 0 2*'’* and 0 4 percent.'-* because previous determinations 
'.vc'ie not able to take the tm parent into account Calculation of the yield of *-'*"'Te 
assuming its foimation m 14 6 per cent of the decays m ‘-'Tc gives a figure of 0 164 
pci cent, tins should be increased by (I I) percent of the chain yield, to take into 
account the independent yield The result is 0 17 per cent in good agreement with 
0 19 pel cent as measured by NovrY*'’* The value 0 35 per cent given by Pappas'-* 
Seems to be too high 

The measured yield of '-'Sb, 0 14 pei cent tits well m between 0 13 and 0 15 per 
edit mcMsuicd by FNcaikiMiiR tY c// '”* and Pappas'-' lespectively 

A fission yield of 1 12 per cent ol '-'Sb seems to be on the high side if compared 
10 tlie measured yield of '-•'I, 0 9 per cent However, due to the rather large error 
limits given, the disciepancy is not sciious 

Ukihi\i tiwnts I he lulhor '.Mshes to thank professoi 1 ur Svtoni rCi for interest in I he work and 
lor ihc excellent woiking facilities available, the stall of the Stockholnv realtor for iri.idutions and 
piolcssor A C’ Pai’I'vs for helpful comnvcnls during the pieparation of ihi. manusciipt I he work 
Ills been supported by the Swedish Atomic Research Council 
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HOT ATOM CHEMISTRY OF HALOGENS 
ACTIVATED IN //-DECAY— II 
BOND FORMATION BETWEEN RADlOIODfNE AND TOLUENE 

A Haipirn 

Depjrtmcnt ol Radiochcmistry, Institulc of Nuclear Research, 

Polish Academy of Seienecs, Warsaw 9, Dorodna 16 

(Recea ed 6 April 1962, in rri iseil form 12 Noiemher 1962) 

Mistract -The bond foimation between toluene and '*'1 or '■‘■I lormcd by the decay of '■“TeCL or 
' ’-TcCli has been investigated The total organie yield is higher in the case of ‘ although its recoil 
IS lower than that of '“'I It is concluded that the reactivity of the radioiodinc atoms activated by 
,) /-decay depends on excitation and ionization, rather than on kinetic energy The percentage 
vitlds of some organie products, as well as the elTcets eif small concentrations of elemental iodine 
ind allyl iodide was alsei studied The hypothesis is advanced that atoms activated in //-/-decay 
participate in "epithermal” reactions, and that formation of an excited intermediate complex eKcurs 
IS an initial stage of the reaction 

For a belter understanding of the high reactivity of the atoms resulting from 
nuclear transformations, an explanation of the relative roles of the recoil and of the 
electric charge is of the greatest importance Studies on the chemical consequences 
of //- or //, /-decay seem to be of particular interest from this point of view In fact, 
the recoil of such atoms is frequently very small, although the positive electric charge, 
whatever its origin (shake otf after //-emission, or internal conversion of /-rays) 
should be considerable for atoms of medium or high mass 

In the previous paper*'* bond rupture in ‘‘"Te-labelled dibenzyl tellunde has 
been described. The result obtained indicate that m 98 per cent of the ev ents the chemi- 
v.il bond is ruptured as a result of the '’"Te v ' *U transformation The comparison of 
this result with the calculated ""l-atom recoil spectrum*-* led to the conclusion that 
this exceptionally high probability of molecular disruption can not be explained by 
recoil alone However, peculiar difficulties were encountered while studying the 
foimation of new bonds by the '-"I atoms in this system, since dibenzyl tellunde has 
an inclination to form addition compounds with iodine, consequently a considerable 
part of the "'I activity was found in unidentified chemical forms Besides, the action 
"I scavengers might be abnormal, because ol the precipitation of dibenzyl tellunde 
huring the fractionation procedure 

The present investigation was undertaken with the object of studying the bond 
h’lmation between toluene and the "’1 or ”-1 atoms formed by the decay of '^'TeCl 4 
' I "“TeClj, respectively A solution of tellurium tetrachloride m toluene docs not 
have the disadvantages of dibenzyl tellunde 

The //-particles emitted by "'Tc have the following maximum energies**’ 2 15 
''ieV (42 3”,,), 1 68 MeV (16 2",,) ^”d 1 36MeV(41 4'‘„), while for "-Te the maximum 

\ Haipirn, R SociiACkA J /noil’ \'ii(t Chem 23,7(1961) 

'' Hai ppRN, A/zA/po/i/Act In press 

'' HniESKu O M Kalinkina K P Miiropanov A A .Sorokin, N W Vorai-omov .uni 
S Shpinel, y E\p Them Phvi (t' 5 9 R ), 40, 91 (1961) 
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p'-entrgies arc“’ 0 2(S MeV (6()'*„) and 0 I McV {40",,) The /-energies arc 0 16 MeV 
and 0 7 McV for ' ''Te, and 0 22 MoV and 0 13 MeV for ''’-Te It is clear that there 
IS a considerable dilference between the recoil spectra of the ''**1 and '*“1 atoms This 
makes it possible to draw conclusions about tlic role of kinetic energy m the eHects 
under discussion 

t \PhRIMt NTAL 

The toluene ot analytical giadc was shaken Iveiec with conceiilrateel sulphuric acid, then with 
distilled watei until the acid reae'tion had disappeared, dried for a long tiine with CaCU and then 
distilled thiough a column tilled v\ith P_<) The earners (methyl iodide, phenyl iodide and p-iodo- 
loluene, all ol analylieal giade) were used without additional puiiheation The fiactions separated 
trenn a niisture ot hydioearhons hy azcotropie distillalion, hoiling between 71 and 74' C, and 98 and 
tot t at 10 mill 11 " w ill be called undecane and trideeanc icspeetively 

Pk paiution of the un/mtu Hi i h/liiiimn hiiiuliloiith’ 

(i) '"leCI, The ehloi ination of inciallie tclliiiiuin (ol spectral purity) was earned out in an 

all-glass appaiatus Altei all gaseous pioducts, particularly the escess of ehloiiiie, weic removed 
from the appaiatus using a slight saeuum the Iclluriuin tetiachloride was dissolved in toluene the 
solution clear and colourless, was tiaiislcried into ejuart/ ampoules in a stieam of diy nitrogen, and 
activated in a flux of 1 10" neutrons cm ’ see ’ in the thermal column ol tlic reac'ior ‘ I WA ' over 

a period of 20 mm I'ndcr these eondilnms 25 niin '’'Tc is mainly foi med, and only a small amount 
of other tellurium ladioisotopcs 

(ii) "-TcCl, Inactive sodium tellurite was added as a eairier to a solution of Na/'MeO,, 
supplied by Ihe Radiochemical Ceniei Amersham and mclallic tellurium was precipitated with StJj 
m 5 N hydroehloiic acid lihered oft on a porcelain filtci, washed thoioughly with hot water lollowcd 
by ethyl alcohol, <uid dried in a stream ol waim air The radicsactive tellurium obtained was chlori- 
nated and the ‘“^leCt, was dissolved in purihcd toluene, as described above 1 he degassed sampks 
were prepared by a series ol cycles of ireezing, evacuating and thawing 

Thus, the "‘feCt, and '■’•TcCI, have been prepared in different ways Untoitunately, the hrst 
could not be prepared after the neution irradiation of the metallic lellui lum, because of the shoit hall 
life of ‘“'fe and the rathci long tunc required for synthesis Solulion of the tellurium tetrachloride 
after neutron irradiation was also impractical 

/ / ac Ilona /urn of ihe i ai/ioat tnc f)i odia I s 

Samples ol radioactive lellurium tetrachloride dissolved in toluene wcio allowed to stand lor 
10-50 hr (lime required for the establishment of the radioactive equilibrium '“■“ I c ' "I, and, obviously 
long enough to complete the decay ol the 25-mmutcs ' "Tc, as well as ‘"Cl) The solution was then 
extracted with 0 1 M sodium sulphite to separate the inorganic activity, and with ^ N sulphuiie acid 
to remove the tellurium Then were added as earners to the organic phase methyl iodide, phenyl 
iodide, p-iodotoluene, in 15 ml aliquots, with 5 ml of undecane and 15 ml ot tndccane, and Ihe 
organic mixture was distilled through the adiabatic column Jena-Gkiss No 8140 at reduced pressure 
Methyl iodide, phenyl iodide and lodotolucnc were collected each as three successive 5 ml portions 
(CH,I was distilled at room temperature and 60 mm Hg, at 65 66 C and 10 -11 mm Hg, 

CH 3 C 0 H 4 I, together with undecane, at 80-82 C and 10-11 mm Hg) The middle portions of each 
fraction were used for the activity measurements Finally, two additional portions of tndecane were 
collected (at 85-lOO C and 9- 10 mm Hg) However, a residue still remained in the llask which could 
not be distilled off under the above conditions The activity of this residue was ascribed to unidcnli- 
hed high-boiling organic lododenvatives, which will subsequently be called ‘polymers” 

Counting procedure 

The ‘“'I activity was measured with a scintillation counter (Nal/TI crystal) The activity was 
measured using a scintillation counter with a single channel pulse analyser The discrimination used 
permitted the counting ot all p-rays of energy higher than 0 32 MeV Therefore, the arrangement 
did not count any of the '“■‘Te radiation, even if some of this radioisotope was presented in the solution 
assayed 

W Kunz and J ScHiUYl^MhistfR, Tabctlen der Atomkeine,\o\ 2 Berlin (1959) 
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RESULTS 

Tabic 1 shows the percentage total organic yield of the as a function of the 
concentration of the elemental iodine added prior to neutron irradiation Table 2 - 
the same quantity as a function of the concentration of the allyl iodide added prior to 
neutron irradiation Tables 3 and 4 contain similar data for ’■*-! Here elemental 
iodide and allyl iodide had been dissolved in toluene before the tellurium tetrachloride 
All the above functions are also presented in Fig 1 


Tauli I Organic Yim> ot '**'1 A!s A luNc noN <>t ihe toNCtNrRAiioN oi 

H I MFNI AL IODINC 


System in 

wIiilIi ’•”1 \ 

as formed 


1 otal organie 

Solution 

Ij, mole fraction 

yield ( 



^ in toluene 

0 


24 6 

2 7 

0 07 M '■"TcCI, J 

m toluene 

5 

10 > 

1 1 7 

05 


m toluene 

2 

10 ^ 

10 6 

1 3 

1 

in toluene 

7 

10 ’ 

1 1 6 

2 3 


Tamil 2 — ORttANic vino oi- '^‘1 

1 AS A FI N< riON 

GF IIJF ■ 

CONCFNJRAIION OF 



Al 1 >1 lODIDI 



System in which '"1 was lormed 

Solution CjH ,t molt ftaetion 

Total organic 
yield 


■- in toluene 

0 


24 6 2 7 


in toluene 

28 

10 “ 

55 7 5 9 

0 07 M "TcCI, • 

in toluene 

5 6 

It) ’ 

59 3 ^10 9 


I in toluene 

1 2 

10 - 

88 3 3 1 


1 in teiliiene 

28 

10 ^ 

90 1 2 9 


Table 3 —Organic 

Yin 1) GF ' ’*1 AS A 

FUNCTION OF TMt 

rose FMRMION OF 


FI FMFNFAI 

u )i)iNr 


System in 

which ' *-l was formed 

fotal ortianic 

Solution 

1, 

mole Iraetion 

Meld (■'„) 

0 07 M ' ‘TeCl, 



111 toluene degassed 



sample 

s 

0 

67 7 1 9 


f in toluene 

0 

66 7 17 


in toluene 

5 It) 1 

21 4 11 

0 07 M '■'TeCh ^ 

in toluene 

5 It) ' 

14 6 0 5 


in toluene 

1 It) ’ 

15 5 16 


L in toluene 

2 10 ■* 

14 0 12 
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I .MU t 4 — OrIiAMC mud of AS A FUNCTION OF IHE CONT FNl RATION OF 

AILSL IOI>IDE 


Svstcni 

111 w hich ' ‘-f 

was formed 


Total organic 

Siilutioii 

C,H I mole Iraetioii 

yield ("„) 


III toluene 

0 


66 7 _L 1 7 


in toluene 

1 

10 ' 

65 9 ± 1 3 


111 toluene 

26 

10 ■> 

63 3 1 2 2 

! 

in toluene 

4 6 

io-> 

66 0 1 5 7 

'-Tcci, : 

111 toluene 

6 5 

10 ^ 

73 4 t 2 6 


III toluene 

1 ^ 

10 ^ 

78 4 ■- 1 1 

1 

111 toluene 

2 5 

to ^ 

86 0 119 


in toluene 

2 6 

10 ■“ 

9161 10 


1 tn loliicnt. 

44 

10 

94 0 1 0 5 


[ AHi I 5 Dis 1 Rinu rii IN oi soMi OR(.AM( proititts from ‘^'TeCI, in loi i;fnf* 


System m \iliieh 
i was ten nied 



Percentage 


Methyl 

iodide 

Phenyl 

iodide 

lodo- 

toluenc 

Polymers” 

0 07 M '■''TeCU 

111 toluene 

115 ' 5 9 

23 7 '.5 9 

28 8 1 7 1 

36 0 ± 7 I 

0 07 M '■’TcC’l, 
in toluene 

5 10 ^ mole 

fraction 1^ 

8 4 '.4 8 

22 9 1- 3 0 

00 

34 3 ± 6 6 

0 07 M '“'TeCI, 
in toluene - 

2 10 ^ mole 

(raction 1^ 

10 1 1: 5 4 

23 1 .1 10 0 33 2 1 13 6 

33 6 L n 0 

0 07 M ‘"TeCI, 
in toluene + 

2 8 10 “ mole 

fraction CjH.I 

70 5 2 It 

13 0 1 8 9 

10 5 7 1 

6 0 t 0 4 

0 07 M '^'TcClj 
in toluene - 

5 6 10 ’ mole 

1 raction C 3 ITI 

72 5 ' 1 Oi 

117 + 31 

107 + 3 1 

5 1 f 0 1 

0 07 M '^'TeClj 

111 toluene 

2 8 < 10 “ mole 
fraction CaHJ 

80 3 1 0 8t 

90 1 26 

5 0' 17 

5 7 4- 1 7 


* The total organic yield (24 6 per cent) has been taken as 100 
t This fraction contains all the allyl iodide as well 
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Table 6 — Distribution of some organic products from in tolufne* 


System in which 
'“'1 was formed 


Percentage 


Methyl 

iodide 

Phenyl 

iodide 

lodo- 

toluene 

“Polymers” 

0 07 M '■‘"TeCh 





m toluene 

5 5 7 0 7 

47 I i 1 1 4 

21 0 1-7 1 

26 4 L 8 0 

0 07 M ’“TeCl, 
m toluene f 

1 V 10 “ mole 
fraction 

8 2 5 3 

47 1 ' 12 5 

179 1 25 

26 8 t 9 6 

0 07 M fed. 
m toluene 1 

3 6 10 ’ mole 

fraction C ,H ,1 

57 9 9 11 

20 2 ' 7 0 

114 7 0 

105 1 54 


* The total organic yield (66 7 percent) has been taken as I(X) 
I" This fraction contains all the allyl iodide as well 


fn the two last tables the data are gtven for the percentage yields of several organic 
products, namely of methyl iodide, phenyl iodide, lodotoluenc and “polymers” 
fable 5 contains the data for ^'•[, and Table 6 foi To calculate the yields of 
these products the total organic yield, not the whole radio-iodine activity, was taken 
as 100 per cent 

DISCUSSION 

Companion of the recoil and the reactnity of radtotodine actuated in fio, '-decay 
1 he recoil energy of the atom is much lower than that of the atom, due to the 
dillerence of /^-spectrum of “^Te and "“Te However, the total organic yield of 



t !<■ 1 Total organic yield of ”‘1 and '■*■‘1 as a function of the concentration of elemental 

iodine and allyl iodide 
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IS liigliei (66 7 per cent) tlian that of ^*'1 (24 6 per cent) From the above one may 
coiKliide th.it the rcactivitv ol both r.idioiodine nuclides depends on the electrical 
charge .ind excitation ot the orbital electrons, rather than on the kinetic energy 

It IS \cry dilhcLilt to e\plc'^s the electronic excitation lesultmg from /Fdecay m 
energy units p.ii tic ulai ly v\hcn such complicated systems as atoms of medium atomic 
niaxscs arc invohed''’ The possibility of evaluating the excitation of the product- 
atom on the basis ot its chemical reactiv ity, even in a cpiahtativc way. seems, therefore, 
to be of interest In view of the results obtained hcic it may be concluded that the 
excitation of the '*-1 is gicatei than that of the i*'I 

These .ind siibsccpicnt conclusions, however, are based on the comparison of 
results of two seiics of expciimcnts, which dillei in an important respect ^^‘TcCI, 
was made by neutron iiradiation of the toluene solution of tclluiium tetrachloiide, 
while '*“letl, was prcpaied separately and then dissolved in toluene Under these 
circumstances u cannot be assumed that all the ‘*'Te produced is in the form of 
"'TeCi, owing to the chemical effects of '’"Ie(/;, ;')”^Te reaction, as well as to the 
radiation re.ictions occurimg m the leactor radi.ition field Both these factors may 
c.uise some pait of the ’“'Tc to leact with the toluene However, it has been found 
picviously'" th.it the covalent bond is always ruptured as .i lesult of the '"Te-)-'‘M 
transformation Thus, even if some pait of the ’*’lc had been bonded organically 
before p'-decay of the nuchde took place, all the '*'1 is initially released from molecular 
combination Besides, m seveial expciimcnts the ^■‘■TeCI, /toluene solution was 
exposed to the action of the reactor radiation in the thermal column for a period of 
20 min, and this procedure did not influence the value of the total organic yield of 
the 

Cfjcci nj the adduton oj efe/itc/ilal iodine on the total oii^anic \udd The addition 
of approximately 10 ' mole fraction of elemental iodine to the toluene solution of 
radioactive tellurium tetrachloi ide decreases the total organic yield of '^’1 from 25 per 
cent to 1 1 per cciit. and that of ' '-I from 67 per cent to 1 5 per cent, the reduced values 
being independent on the further increase m the iodine concentration A possible 
explanation of this eflcct, following a suggestion of Camfuill**’*, is that the process 
which IS sensitive to added free halogen and which occurs with an insignificantly low 
activation energy is charge exchange between the recoiling ion and the molecule of 
added iodine 

(I. i)^ 

Consequently, the recoiling atom loses its unique properties resulted from the charge 
and stabilizies as a radioactive inorganic molecule The decrease of the organic yield, 
which IS larger in the case of "-’I than of '"’M, confirms the conclusion that the 
excitation and the percentage of charged atoms is greater in the first case 

flfjeit of addition of allvl iodide on the oi^anie yield The cfl'cct of small concen- 
trations of ally! iodide on the organic yield supplies information about the initial 
kinetic energy of the recoil atoms The effect depends on the rapid exchange of the 
radioactive thermal iodine atoms with allyl iodide*"’ Therefore, the addition of allvl 


D L BAUiciiandJ F Duncan Qiiait Rev 12,152(1958) 

I G Campulll, A'l/A/cwiiAci 3, 45 (1958) 

W H Hamill, R R WiiLiAMSandH A SciiwARi/,y /iiner Cheni Sot 72, 2813 (1950) 
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locildc leads to the production of labelled allyl iodide from all the thermal radio- 
lodine atoms, which normally end up in the inorganic as well as in the several organic 
forms In our experiments the addition of (3-4) 10 - mole fraction of ally! iodide 

caused a considerable increase of the total organic yield namely to 90 per cent in the 
case of (Table 2 and Fig 1), and to 94 per cent m the case of ‘ >-[ (Table 4 and 
( ig 1) The data on the distribution of the several organic products. c]uotcd 111 fables 
5 and 6, indicate indeed that only the fraction which contains the allyl iodide in- 
creases, while yields of other organic products decrease significantly We could not 
investigate the clfect of higher concentrations of allyl iodide since decomposition 
occurs, but we suppose that an increase of the total organic yield up to 100 per cent 
can be obtained It seems eiear from the above results that the significant majority 
ol radioiodine atoms formed m /i.g-decav of radiotellurium, if not all of them, have 
a kinetic energy which lies in the thermal range, or cmly a little higher The high 
chemical reactivity of such atoms depends on excitation and ionization, and they are 
able to participate in “epitheimal ’ reactions, which depend on inelastic interactions 
with the molecules of the medium during which the energy of the atom is trans- 
leiied to the vibrational and rotational energy states of the molecule, or, alternatively, 
111 ionic or lon-molec'ule reactions 

Dnli i/nitioii of some oiganic piodiuls oiul ionsukntlioii of (he model In con- 
nection with the results contained in Tables 5 and 6 the following points should be 
noticed 

Firstly, the organic lododci natives identilicd might be considered as represen- 
tative o( sevctal types of clicmtcal processes Thus, methyl iodide and phenyl todide 
repiesent the products formed by a bond rupture between the benzene ring and the 
methyl radical and addition of radioiodine to the methyl radical in the fust case and 
to the phenyl ladical in the second, lodotolucne repiescnts the pioduct formed by 
the substitution in the ring without a bond rupture between the ring and the chain, 
hnally, we did not investigate the nature of the “polymci fraction, however its high 
boiling disposes us to treat it as a polymerized product formed aftei rupture of the 
benzene nng The fact that the iodine activity was toimd m all tire above c'licmic .1 
loi ms IS a notevv orthy example ol the high react i\ ity of atoms activ ated in />' ; '-decay 
Ct vtMistsrx et cd have recently expressed the opinion that from '®-Te decay 
exhibits a higher reactivity than radioiodine from thcimal neutron capture 

Secondly, the yields (relative, i e calculated when the total organic yield is taken 
as 100 per cent) do not differ drastically in either case, which indicates that the 
distribution of products is but little dependent on the kinetic encigy of the atoms 
Ihirdly, the presence of elenrcntal iodine in the system does not influence the 
iclalive distribution of organic products This fact, probably suggests that all the 
‘Teanic products are formed in cheniically similar processes Indeed il some of 
diem would be formed in homolytic reactions, while othcis m heterolytic ones, the 
.lokls of the first should decrease in the presence of iodine (because of the scavenging 
radicals), tlic yields of the othei being constant 

fourthly, the addition of small amounts of allyl iodide i educes considerably the 
' lelds of dll organic products This bears witness to the last that i adioiodine atoms 
' h'ch are entering organic combinations have mostly thermal encigies 

' Climmiskiv, W 11 Hamiii and R R Wiiiivms / Inine C licni 21. 20s (1961) 
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Finally we wish to make some remarks on a possible model for the reactions of 
radioiodine atoms actuated in /ky-dccay Such a model should take into account 
that the average kinetic energy of the atoms lies in the thermal or epithemal range, 
and that such atoms are positively, and probably multiply, charged This can be 
respected in the model which assumes that the radioiodine atom and the toluene 
molecule mitiallv formed an excited intermediate complex (I CHgC^Hj) The 
lormation ot the complex is very ptobable because of the lon-dipole interaction 
between the radioiodine ion and the toluene (dipole moment 0 37 D) On the other 
hand at least two reasons may be mentioned for the instability of the intermediate 
complex Firstly, the kinetic cnergv supplied by the recoiling atom (of the order of 
I cV) transfoims into the oscillation-rotary energy of the whole system Secondly, 
the cneigv of neutralization ot the positively charged radioiodine ions causes the 
rupture of C 11 bonds inside the complex 1'his process might be of particular im- 
portance in the case ot multiply charged ions, w hen, consequently, the transferring 
of elections occuis already inside the complex The electron transfer from the molecule 
to the ion is possible becatisc ol dillcrences m the ionization potentials (8 5 V for 
toluene 10 6 V for the iodine atom, and 19 4 V for 1' ion) 

Ai know h di;nin lit The .uitlior .ic know ledges vMlh plcasuie the stiniuUliiig discussions with Dr S 
SiiKiiHsM ,tnd the assisUiiKc wall ths cxpcniiKnial woik of Mrs B Kosiak Our thanks aic due 
to the personnel opciating the ic.ictoi I WA” at the Insututt of Nutlear Research in Swicik near 
W.irsaw loi then eoopc’iatioii in iieiilion iiradialion 
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FAST NEUTRON CAPTURE IN -'-Th 

D C STUPr.oi\, B Smith 
A rgonne Ndtional Laboratory, Argonne, Illinois 
and 

K Hamm 

Carthage College, Carthage, Illinois 
( Received 1 7 0< toher 1962) 

Abstract — The capture cross section of -^-Th has been determined for rnonocnergetic neutrons in the 
energy range 0 19-1 1 MeV The shape of the curve agrees closely with the theoretical curse predicted 
hy I.ANr and Lynn,'*’ showing a definite rise m cross section with increasing energy near 0 8 MeV 

Liki many other even-even nueltdes, does not show a continuotis decrease in 
radiative capture cross section with increasing neutron energy around 1 MeV 
Nuclear theories, averaging the behaviour over many levels of the compound nucleus, 
predict that the cross section will vary as l/t'* at lower energies and with a more 
complex dependence upon neutron energy, t. at higher energies The cross section 
of “^^Th, however, has been found to rise with increasing neutron energy near 0 8 MeV, 
before resuming its expected decrease This behaviour has been treated theoretically 
by Lane and Lynn"’ who fitted the ’^^^Th and data of Hanna and Rose"’ 
That data, and the data of other workers, generally show a plateau m the cross section 
curve in the region in question, but the present results yield a curve whose shape is in 
closer agreement with the curve of Lane and Lynn 

METHOD 

The neutron capture cross section of “*-Th has been determined as a function of 
neutron energy in the range 0 19-1 1 MeV by measuring the disintegration rate of 
22 3 min produced in a known mass ot thorium exposed to a rnonocnergetic 

neutron beam of known intensity The neutron beam was produced by bombarding 
lithium targets with protons from the 3 MeV Van de Graafl accelerator The intensity 
was measured with a fission chamber, which counted fissions m a thin deposit of 
uranium enriched in ”'”13 The irradiated thorium targets were counted in an end- 
window proportional counter, which detected the yl-rays of -'*'Th The /3-countmg 
1 ites ot the activated targets were related to the corresponding disintegration rates by 
' ‘Hinting, in the same geometry, thorium targets identical in form as those irradiated, 
niio which had been introduced a sample esf “'’*Th, whose disintegration latc had been 
htcrmined by liquid scintillation counting Above the neutron energy 1 I MeV the 
' HI easing fission of thorium produced enough hssion product activity to interfere 
wHh the beta counting of ^•''‘*Th Therefore, since fission products were not separated 
' >ni the targets, 1 1 MeV was the upper limit of neutron energy in this vvoik 

\ M Lane and J E Lynn Pioc Ph\\ Sue A 70, 557 (|957) 

C Hanna and B Rose, 7 Nui! 8, 197 ( 1958) 
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KXPI RlMfcNTAL 

/^i I’pui atioii oj Uni^i M 

I hoi Him vv.is sep.ir.ilLcl from its daughlcis by exliaUing it from aijueous solution into a solution 
of ilunovl liinuoro .icctoiK in shloioform The thorium was then preeipit.ilccl as the oxalate and 
Ignited to oxide vxhish v\as picssed into I cm diameter disks of mass about 0 1 g tach batch of 
thoi Him so ticaied w is suflicicnt loi the preparation ol about fixe I iigets which were irr.idiated before 
a riexx batch was picpared This procedure minimized the time avail.iblc for thorium daughters to 
accumulate, thereby ledueing the interlerenec by the latter with the beta counting of ^"Th 

In cuhaiions anJ JIhk nioiuloiut'^ 

I he neutron |iiodueing taigets wcie deposits ol metallic lithium on the inside ol a l<mliilum cup of 
thickness 0 02S cm then pioton stopping power was 50 keV I he size of the proton spot on the Itlh- 
itirn deposit was 0 ^ cm by 0 6 cm, ind the distance betvxeen the lithium target and the center of the 
tlioi Him t irget was I 7 cm Pi oloii eiirients weie 20 -fO /lA and the in adiation times langed between 
1 6 and 40 min 

rile Mssion eliaiiihei used to measure the netilion Ilux was ,i gas-flow parallel-plate ionization 
ehambei, ol thiii-walled biass eonslrtielion designed to minimize the elleels of neutron sealteiing 
f he lissumahle m itei la! w is a I cm diameter deposit on 0 Olf cni thick platiiuim ot about 250 nnero- 
gi tills ol enriched UI anium ( iloiii pci edit “‘'U 04 27, -"U I 04, ”'’tj 0 484, -"“IJ 5 2I) 

I he thorium target and monitor lay flat against each other with their centers at 0 degrees with respect 
to the ptolon be im so that they subtended the same polar angle with respect to the neutron souiee 
I he LinniLim deposit faced into the counting xolume ol the hssion chamber The uranium monitor 
deposits weie thin enough that there was no signilieant sclf-absorptioii of fission Iragmenls in the 
monitor Netiti on absorption in the platinum backing and the thorium targets was entirely negligible 
lotal fissions vxere dctei mined by iceoiding the energy speelruna ot the hssion fragments with a 5I2- 
ehannel pulsc-licight analyser and summing the counts in this spectrum 

Calculation of the lissioii cross sections of the monitoi sample included the elleet ol the minoi 
percentages ol ui anium isotopes present, and the elfeet ol the lower cneigy gioup of neutrons given by 
the ’Ia(p, //)‘Bc leaelton I he thoi luin cross sections were also corrected lot the lower energy neutron 
gioiip I he lower group neutron intensities were taken from Bi vinouin''*’ t/ <// 

Because the irradiation times were eompaiable to the half hie of the activation product, fluctua- 
tions of proton current duiing the irradiation and the dcgnidation of the lithium taiget, would 
adversely elleet the results lo guard against this, the fission spectra were lecoidcd m four sepaiate 
12S-ehaiinel groups of the 512-ehannel analyser each group cot responding to successive c|uarleis of 
the total irradiation tune hortunately the pioton eurienls were steady and the lithium targets did 
not degrade appreciably no complicated .iddilional corrections weie needed 

[i-C ouritiii" oj tan’L-t't 

After iiradiation the thoi lum target was picpared for beta counting of -"Th by mounting it on an 
aluminium plate, covci ing vv ilh a thin sheet of phistic, and placing it in a reproducible position in the 
counting chamber ot an end-window pioportional countei at about 25 per cent geometry The max- 
imum beta ray eneigy of f h is 1 2 MeV After separation of the thorium daughters, --“Th remains 
with the target material and from it the m,ijor daughter activity grows Nevertheless the newly pre- 
pared thorium targets had counting rates of only about 50 eounls/min, increasing lo about 1 60 counts/ 
min by the time the batch of targets was irradiated and the - ’'‘Th decay followed for 4 or 5 half-lives 
The irradiated targets had counting rates between 10000 and 50000 counts/min at irradiation end, and 
5 min counts were generaliy taken To make an accurate subtraction of the daughter counting rate, 
one target of each batch was kept unirradiatcd and this one was counted in another proportional 
counter simultaneously with each count of the irradiated targets 

The counting rate of the h m the irradiated taigets was related to the absolute disintegration 
rate in the following manner Into a solution containing a known mass of thorium nitrate, from 
which the daughters had just been removed, was introduced a solution containing a known activity ol 
■‘■‘^Th Thorium oxalate was precipitated and ignited to oxide, which was made into disks of the sanii- 

'■*' P R BFViNCifON, W W Rot LAND and H W Lfwis, P/iyv Rev 121, 871 (1961) 
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shape and mass as the targets With the mass of thorium in the disk and in the solution being known, 
the counting rate of the disk in the proportional counter yielded the destrcd factor Since the thick- 
nesses of the targets were about equal to the range of the 1 2 MeV /f-rays of ■■“7 h, this calibralton was 
done for several target thicknesses, in order to take into account the variation of the factor with the 
Linavotdablc small differences in target thickness 

Dmnlei^ialion late oj ■‘““Th 

The disintegration rate of the -‘■‘fh solution used in the calibration of the proportional counter 
was measured by Itquid scintillation /f-counting About 2 mg of thorium nitrate, whose daughters had 
been separated, was irradiated tor 2 min m the thermal neutron flus of C P-5 7 he irradiated thorium 
was put into a solution of 0 1 N HCl, from which samples of various sires were introduced into vials 
containing 1 5 ml of the scintillation solution The latter consisted of a misture, by volume, ol 75 per 
centdtoxane, 12 5 percent 1 ,2-dimethoKyelhane ind 12 5 per cent anisole, containing the scintillators 
7 g/1 of 2,5-diphenyloxazolc (PPO) and 50 mg/I of (2-(5 phenyloxarolyD) benzene (POPOP) In this 
counting system the light pulses in the scintill ilion solution arc viewed by a phototube, and the result- 
ing voltage pulses arc amplihcd and analyzed by a 256 channel analyser 

RhSULTS AND DISCUSSION 

Tlie capture cross sections arc listed in Table 1 and plotted in Fig 1 The errors 
arc standard deviations, and the neutron energies lor the present uork refer to the 
center of the total range of neutron energies received by the thorium target This 
energy spread is clue to the 50 keV lithium targets and the variation of neutron energy 
with angle of emission with respect to the proton beam The errors m the cross 
sections are composed of ' 5 per cent in the fission cross section ol the monitor, up 
to 0 5 per cent on the statistics of the fission counting. per cent m the accuracy of 
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the absolute hetti counting, ^ I per cent in other errors in the calibration, up to 0 6 
per cent in the counting statistics of irradiated targets, and about ] 2 per cent due to the 
unceitainty in the "‘’Th half-life 

The figure includes the expcnrnental results of this measurement and of past 
vsork going the data of H\NNAaiid Rosl,*’’ Siavismi and Tolshkov*^’, Barry e/ 
and Hoc. His and S( hwari/ The theoretical prediction of Lanl and Lynn"' 
is also shown The agreement between the various sets of data is satisfactory below 
an incident neutron energy of 600 keV Above 600 keV the results of this work are in 



01 02 03 04 06 0 8 10 2 0 

NEUTRON ENERGY (MEV) 

1 ic> I Neutron captuic cross section of -'■‘Th The solid line is the theoretical curve 

of Lane and Lynn 

quahtattve agreement with other measurements, excepting the results of Hanna and 
Rost In detail, the work reported here indicates an increase in the capture cross 
section of ■"•^Th m the vicinity of 800 keV This rise is m good agreement with the 
prediction of Lane and Lynn"’ which considers only the competition of inelastic 
neutron scattering to the first two rotational levels of the -‘-Th nucleus (2 I ,4 | ) 
The qualitative effect of inelastic scattering to the next available residual nuclear 
states at about 800 keV and llOOkcV (SMirn*’’) will be a marked decrease in the 
capture cross section above the respective inelastic thresholds due to the increased 
number of exit channels from the compound nucleus Such a decrease in the capture 
cross section of “'^^Th above these inelastic thresholds is noted in the results of this 
experiment 
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PHENYL LEAD (IV) AZIDES—PREPARATION, 
PROPERTIES AND INFRA-RED SPECTRA* 

E LiLDERf, CNR Rao| and F M IClane 
Department of Chemistry, Roosevelt University 
Chicago 5, Illinois 

{Received 30 October 1962) 

\hstract Two stable letravaicnt lead azides, triphcnyl lead azide and diphenyl lead diazidc have been 
piepared and characterized Physical properties such as crystal morphology, infia-red spectra, X-ray 
dill Faction, solubility and thermal behaviour are reported 

Forma I ION of tetravalent lead compounds and lead by the disproportionation of 
divalent lead compounds has been repevrted in the literature ’’ It was felt that the 
photochemical yellowing of lead (II) a/ide, Pb{N,),, may also possibly ansc from its 
disproportionation to lead (IV) azide, Pb(N,)4 and metallic lead Tetravalent lead 
compounds such as lead (IV) chloride*-*’ and lead (IV) acetate*^’ have been isolated 
and characterized However attempts*’' to isolate pure lead (IV) azide have been 
hitherto unsuccessful and there arc only qualitative indications of its formation In 
this communication we report the preparation and characterization of two stable lead 
(IV) azides, I and M, where the phenyl groups on lead confer considerable stability to 

(C«H,),PbN, (QH,)>Pb(N,), 

I 1 1 

these compounds To our knowledge, these ate the only stable lead a/ides known 
pic'sently 

EXPERIMENTAL 

h iphetnl lead cliloiicle Tctraphcnyl Icad^ dissolved in hot chloroform (15ml of chloroform per 
giamiiie of letraphenyl lead) was placed in a three-necked flask fitted with a gas delnery tube so as i 
introduce the gas below the level erf the chloroferrm serlulion while stinmg The Oask was used as an 
open sysltm Dry hydrogen chloride was introduced while warming the nuxtuie by means of a water- 
bath at 50-60 C The hydrogen chloride was intioduccd until the appearance ot a white precipitate 
(diphenyl lead dichhiride) The mixture was then refluxed to complete the reaction between the hvdro- 
een chloride and the tetraphenyl lead The hot mixture was suction filtered through a w iter-hcatcd 
Uinnel (55 C), Whatman No 50 paper Typical pieparations yielded 1-3 per cent of diphenyl lead 

* This work was supported by Contract DA-44-009-r NG-4798, Basic Research Cuoup LRDL, 
ton Bclvoir, Viiginia 

3 To whom all correspondence should be addressed 

) Department of Physical Chemistry, Indian Institute of Science, Bangaloie India 

X Prepaied by the method of Gii man et al "" Comincicially available fiom Aldrich C hemical 
' o Milwaukee, Wisconsin 

' I Krause and A Vor< Ghossz, Die C heiiiie der Melcill-Oipcini'ichen t < (037) 

' R W Lilpitr, L Summers and It Gilman, C /tent Rcr\ 54, 101 (1954) 

'Dp PosTiNlisov and A t Sefranskii, 7 C/tem , U S S R 10,1328 (1940) 

H S Boom, ///u/gfiri/f S-i/u/irui, p 47 McCiiavv Hill New York (1937) 

n Mourn, Z Anoip C hem 268,249(1949) 

I Liebcr, Unpublished resuUs 

II Cjilman and J Robinson,/ Amei Chcm Soc 51, 3112 (1929) 

II CiiiMAN, L Summers and R W Lupir./ Ot" Chem 17, 630(1952) 
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dichkiridc as a by-pHidutl The soKent was removed (loni the filuatc by simple distillation fiom a 
walci-balh The lesidue was csliactcd with poitions ot hot absolute ethyl aleohol The aleoholie 
filtiate was eooled to 0 C and the pieeipilate leeovered bv suetion filtiation (ehilled apparatus) The 
yield ol liiphonvl lead ehloiide averaged 7“) SO pereeiit over sevtial luns The eombined yields weie 
reel \st illi/ed (i oin absolute ethanol at 0 t for the pui pose ol analysts tFound * C,45S7, H, 3 20, 
Cl 7 St) tale loi t |„ll|,CIPb C 43 61 tl 3 61 tl 7 48",, ) The melting pe'intt was 207 
/) tjtiu n\l /( ul! Inc/idMik "" In 200 ml ol absolute ethanol, 4 74 g tO 010 mole) ol ti iphctiyl lead 
ebloi ide w as dissolved in .i water-bath A sutlieieiil volume (equivalent to 0 010 mole) ol the aleoholie 
KOH was ailded li' the w.ii m aleoholie solution ol the ti iphetiyl lead chlonde 1 he leaelion mivluic 
was stii led I apidiv loi one hour by me ms ol a niagnetie sin lei and poured into 400 ml ot warm, eai- 
bon tliovide liee distilled walei A ileiise white lloeeuleilt pieeipitale immediately lorms The sus- 
pension was stii led loi 1 lew minutes and lilteied Ihiough a lai ge Ruehnei liiniiel The vv hilc preeipi- 
tale ol liipheiivl lead hydioside was washeil with vv.iim eaibe'n diovide fiee distilled water until a 
negative ehlondc ion lest was obt.iincd vv ith silver nit i ale 1 he lesidue wsis di ted m a vaeiium desieea- 
tor over solid sodium hydiovide I he vield was 4 28 g (0 0004 mole) oi 94 pei cent (round t , 
47 49 H 3 63 t .lie loi ( |,H,,<)Pb C , 47 4 3 II 333",,) No melting w.is obsei veil up to about 
2-10 .ibove whieh paill.il limilf.letion oeeliis 

rnpluml ti^hjd \l loom tempeiatuie (25 t ), 3 87 g (0 0083 mole) of dry ti ipheiiyl lead 
hydrovidc was pl.ieed in .i one-noekid 300 ml icaetion fl.isk whieh is eepiipped with a thci nionietci , 
and a dropping lunnel (60 ml) wilh i gas ee|iiah/ing side arm Iwo hundied millilitres ot absolute 
ethanol were added and parti. il solubility is aehicved by employing a magnctie Stirling assembly 
Alter approximately one hour 23 ml (>1 .ibsolutc ethanol weic placed in the tunnel A ehloioform 
solution ot hydra<;oie aeid' (0 00833 mole) was pipetted into the 25 ml of ethanol The system was 
elosed and the leaelton mixtuic stii red v igoiously while the hydi azoic ae'd si>lution was added over a 
15 mm addition time The appeai.mecol a vvhitc ei ystalline solid suspended in the leactioii mixtuie 
was indicative of the presence ot tiiphenvl lead azide Care was taken that the temperature of the 
reaction mixtuie did not exceed 35 C Alter 4 hr of stirring beyond addition tunc, the reaction mixture 
was transfeired to a beaker ccmtaining 500 ml ot earbon dioxide tree distilled water The cthanolie 
water suspension was stored biielly and eooled to 0 C The icsulting suspension was liltcieel by 
suction Using a laige Buchner tunnel [ he lesulting while crystalline mass was washed with 25 ml of 
cold aqueous ethanol (1 pait ethanol -3 pails water) The residue was diied in a vacuum desiccator 
over solid sodium hydroxide The yield of tnphcnyl lead azide was 3 92 g (0 00816 mole) or 96 per 
cent (Found C 44 90 H 3 21 , N, 8 70 Cale for C ,„H, 5 Nal>b C'. 44 98, H, 3 15, N, 8 75",,) 
rriphenyl lead a/ide ciystalli/es tiom cold eihanolic solution of the leaction medium m the ioim 
of small traiispaient needles While insoluble m water, it is soluble to the extent of 1 39 g per 100 ml 
ot solution in 95 per cent ethanol and toO I 2 g pel 100 ml ol solution in anhydrous diethyl elhei file 
crystals exhibit aeieular habit and birelringenee I he index ol ret i action is about 1 6 lor the long edge 
ol the crystals The density ot llie ciystals is I 77 g em ’ at 30 C An X-ray ditliaction powdei 
pattern was obtained with CuA / was obtained employing a North American Philips unit and the d- 
spaemgs in A wcic found to be 15 41, 9 30, 7 96, 7 40, 6 42, 5 41, 5 25, 5 01, 4 84, 4 66, 4 30, 4 I 3 
4 07, 4 00 3 S3 3 73, 3 61, 3 44 3 37, 3 29. 3 10, 3 00 2 87, 2 82, 2 77, 2 71, 2 67, 2 61 2 56 and 2 49 
The lour strongest lines were 7 96 7 40 4 66 and 5 01, m the order of decreasing intensity Tiiphenvl 
lead azide has no true melting point and decomposes on heating Thus, a sample heated to 160 
showed considerable loss of nitrogen 

Diphcny! lead duliloiule Tetraphenyl lead was dissolved in benzene by wanning to 50 ( I g pei 
10 ml of benzene) and vigorously stirring in an open reaction flask fitted with a gas inlet tube 1 hi 
hydrogen chloride gas was introduced slowly I he precipitate of diphenyl lead dichloridc waschaiac- 
terizcd by the appearance of small shiny white plates The warm mixture was suction filtered through 
a hot stage (50 ) filter The filtrate was maintained at 50 and ictuined to the reaction flask foi 

* Mieroanalyses by Dr C Wfii fr and Dr F B Strauss, Oxford, Fngland 
t Unless otherwise specified, melting points arc uncorrected and were determined on a Fishei 
Johns Melt Point Block at a healing rate of 4 5 degrees per minute 
i An AO Spence polarizing microscope was employed 

G Gruttnfr, Ber Dtsch Cheni Ces 51, 1320 (1918) 

(101 pj yvoLFi, Orjyanic Reactions 3, 327 (1946) 
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further treatment with hydrogen chloride Successive treatments required a correspondingly shorter 
gas flow interval When it was observed that the gas flow interval increased markedly, further treat- 
ment was not resumed The precipitate from this treatment was lound to contain a small amount of 
lead ( II) chloi ide The residue of diphenyl lead dichlonde was washed with hot benzene and dried in a 
vacuum desiccator The yield obtained from 10 3 g (0 0200 mole) ol tetraphenyl lead was ti 25 g 
(0 0194 mole) or 97 per cent (Found C, 33 39, H, 224, Cl, 16 55 Calc for C , ,H,„C IPb f, 
33 34, H, 2 33, Cl, I640"„) Diphenyl lead dichlonde turns from white to yellow at 283 286 
without melting 

Di/>lien\i lead o\ide "" To a hot suspension ol 4 32 g (0 010 mole) of diphenyl lead dichlonde 
III 300 ml of absolute ethanol, 20 ml ol 10 per cent absolute clhanolicpotassium hydroxide was slowly 
added under vigorous Stirling The reaction mixture was stirred an additional 30 mm after addition 
was completed The warm alcoholic suspension was filtered through fine grade filler paper in a heated 
kiiinel (65 C) The white residue was transferred to a mortar and pestle and triturated with hot ethyl 
alcohol (95 per cent) The hot suspension is rcfillcrcd through a heated funnel and the filtrate was 
Icstcd for the presence of chloride ion with aqueous silver nitrate The trituration was repeated if 
ncccssaiy I he icsiduc was washed with small amounts ol hot, carbon dioxide irec distilled water and 
icliltercd The vl'hite amorphous residue was dried in a vacuum desiccator over solid sodium hydrox- 
ide The yield was 3 40 g (0 0090 mole) c>r 90 per cent (Found C 38 16, H 2 76 Calc for 
( iHinOPb C, 38 19, II, 2 67"„ ) On heating diphenyl lead oxide appears to decompose at 223 

Di/du ml lead diuzule I o 3 02 g (0 0080 mole) of linely giound diphenyl lead ox'de 200 ml of 
absolute ethyl alcohol was added in a one-nceked 300 ml leaetiein llask at room temperature The 
suspension was stirred vigorously for 1 hr to reduce the particle si/c of the suspended material The 
13 isk vsas equipped with a chopping funnel with a gas ei|uali/ing arm A ehlorolorm solution of 
hvdia/i'ic acid ol suflicient titer to contain 0 723 g(0 0168 mole) ol the acid was pipetted into 25 ml of 
absolute ethyl alcohol contained m the funnel The suspension was stirred continuously by a magnetic 
sillier while the hydrazoie acid solution was added over a 15 mm mieival The appearance of white 
eiyslallme solid which is ol very small particle size is indicative that the reaction is progressing The 
stispensiein was stiricd for an additional six hours altci addition of the acid was completed The 
mixtiiie was tillered by suction and the resulting while eiyslallme m.iss was washed with ethanol 
The lesidiie was dried in a vaetuim desiccator over solid sodium hvdroxide A yield ol 3 45 g (0 0077 
mole) or 97 per cent was obtained (Found C 32 61 II 2 46 N. 18 62 Calc lor C, ^.HinNsPb 
C , 32 35, 1 1 2 26, N, 18 87"„ ) 

Diphenyl lead diazide is obtaincvl m the lorm of very small necdie-likc crystals Irom the reaction 
niivltiie T he eiystals aie bnefringent and had an aeieiil.ir habit Diphenyl lead dia/idc is insoluble in 
waUi 95 per cent ethanol and anhydrous diethyl ether It has a density of I 69 g cm “ at 30 C The 
d sp, icings in A from the X-iay powder pattern aic 1 1 82 6 75 6 45, 5 97, 5 46 4 95 4 59 4 35, 4 O'l 
3 99 3 8^3 3 74, 3 58, 3 42, 3 24, 3 19, 3 I 3 2 96 2 93 and 2 75 T he strongest lines arc 1 1 82 6 75, 
6 45 3 99, 3 83 and 5 97 in the order ot decreasing intensity Diphcnvl lead diazide has no melting 
1 omi .ind decomposes on heating with gas evolution obscived around 145 C 

Ihjlei etuud ihcinud anal) sis and sinndtaiKOiis >'«i fiiofile Diflcienlial thermal anaivsis ot the two 
k.id (IV) azides was earned out tisinit nickel sample holdeis and ehromcl-iiltimcl thermocouples a 
healing rale of about 9 5 t min ' bimultaneous gas prolilc was obtained by the method of Avri s' 

Infui-icd spec lui Inlia-ied speetia of the two lead |1V) a/ides and their piecursors were recorded 
"11 a I’eikin-Hmer, Model 21, speetrometci and a Peikin-Flmei Model 137B spectrometer both 
'iited with lock salt optics 1 he samples weic prepared as mineral oil mulls or potassium biomidc 
(Vllets 


RI SULTS AND DISCUSSION 


rriplienyl lead azide (1) has been prepared starting from tetraphenyl lead by 
' iiiploying the following sequence of reactions 

(C,H,'),Pb ! HCl x(QH-,),PbCH- C,H„ 

(QH„),,PbCl , KOH^(CfiH.,)iPOH : KCl 
(C„H,),PbOH 1 HN, .(QH,)al’bN : H.O 

• I'lr HMiJsn k and J Csahav, fler Disch Client in-s 60, 1617 (1927) 

W M Ayris and F M Bins, zt/w/rr C hem 3.3, 569(1961) 
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Ui phenyl lead dia/idc (11) has been prepared by the following scheme of reactions 

(QH,),Pb 1 2HC1 ^ (Q,H,),PbCl2 + 2Q,Hfi 
(C.HjI.PbCl, f- 2KOH > (C,.H5)jPbO f 2KC1 )- H,,0 
(QH^^PbO I- 2HN,-*(C„H,),Pb(Nj)„ | H^O 

Tiiphenyl lead azide shows no explosive properties but rather ignites quitely It 
burns with a bright yellow flame depositing metallic lead Triphenyl lead azide does 
not show a sharp melting point and decomposes slowly on heating When crystals 
were observed under a hot-stale polarizing microscope, loss of birefringence was 
noticed at 159 164 C Decomposition of triphenyl lead azide in air first gives rise to 
a brown lead oxide (probably PbO>) which on further heating turns black around 
290 C The formation of the yellow lead oxides (PbO, Pb20,) was observed around 
190 C There was evidence tor the formation of some polyphenyl compounds 
produced by the recombination of phenyl radicals These compounds have not yet 
been characterized * Mass spectrometric analysis of the gas evolved by the decomposi- 
tion of triphenyl lead azide m the temperature range 26 200 C showed 88 per cent 
nitrogen and 12 per cent benzene Diirercnfial thermal analysis of triphenyl lead 
azide showed a sharp endothermic reaction peak around 190"C A gas profile 
obtained sinvultaneously showed large gas evolution, probably of nitrogen Slow 
decomposition was however, observed even at lower temperatures Exothermic 
peaks were found m the region 200 100 C, piobably due to radical recombination 
reactions and transformations of lead oxides 

Diphenyl lead diazide (11) on heating decomposes without melting In this case 
also, there was evidence for the formation of polyphenyl compounds * The thermal 
study of diphenyl lead diazide in a manometric apparatus was initially accompanied 
by a violent explosion in the legion of 190 200 ’C destroying the apparatus Sub- 
sequently, successful thermal manometric runs were obtained by diluting the sample 
with finely divided Ottawa Sand Mass spectrometric analysis of the gas showed 77 9 
per cent nitrogen. 10 7 per cent carbon dioxide, 3 6 per cent liydrazoic acid and 7 4 
per cent of benzene The dilTerential thermal analysis of diphenyl lead diazide showed 
an endothermic peak around 190 C associated with gas evolution as indicated by the 
simultaneous gas profile Exothermic reactions were observed m the 270 330 C 
region probably due to radical recombination and transformations of the lead oxides * 
The formation of biovv n and black lead oxides was observed during the decomposition 
just as m the case of triphenyl lead azide 

From these studies it becomes obvious that the phenyl lead (IV) azides are highly 
stable as compared to the explosive lead (II) azide This is probably associated with 
the greater covalent character of the Pb-N bond in the phenyl lead (IV) azides It is 
interesting to note the effect of the number of phenyl groups on the stability of these 
azides Triphenyl lead azide is considerably more stable than diphenyl lead diazide 
Presumably, phenyl lead tnazide (111) should prov'C to be much less stable than 

C,H,Pb(N,), 

jir 

diphenyl lead diazide t 

* Detailed studies on this aspect arc presently in progress 
t Detailed studies of this aspect are currently in progress 
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The infra-red absorption spectra of the two phenyl lead (IV) azides and their 
precursors show relatively intense bands due to aromatic ring vibrations caused by 
the activation of the heavy lead atom Some of these bands, as well as the C — H 
out-of-plane deformation bands appear at considerably low frequencies due to the 
mass eflects of the lead atom The two phenyl lead (IV) azides show the character- 
istic and symmetric stretching frequencies of the azido group'" '’’’ around 2040 and 
1280 cm respectively, when the spectra are recorded m Nujol mull The azide 
bending mode gives rise to a weak band around 650 cm ' When the spectra of the 
two a/ides were recorded in potassium bromide pellets, the asymmetric stretching 
band was seen as a doublet {--^2040 and 2120 cm ') It was first considered that the 
splitting could be due to an ion displacement reaction with the matrix Since 
the new band, around 2120 cm ', is much higher than the characteristic frequency of 
potassium azide'"’ (2040 cm '), the displacement reaction seems unlikely The more 
plausible explanation appears to be rccrystallization of the phenyl lead (IV) azide 
duiing grinding and pelleting Such solid state anomalies are known to occur during 
preparation of pellets'""'®’ If the two phenyl lead (IV) azides recrystallize into 
lorins of lower symmetry one would expect such band splittings Thus, bunum azide 
(monochinic crystal structure) shows the asymmetric stretching band of the azide as a 
doublet *"* 


C N R Rao, J Ramac HANDRAN and A Balasubramanian, J (.hern 39, 171 (1961) 

I t ifULR, C N R Rao, T S Chao and C W W Hoffman, ,4 w;/w (hem 29,916 (1957) 
' " P Gray and F (' Waooincj ion, Trans [araday Soc 53, 901 (1957) 

V M MFLOcHtandG t Kalbus, 7 Inor^ Nud Chtm 6,104(1958) 

" ‘ X W BAkiR,y Ph\s (hem 61,450(1957) 

1. Smafula a Gori and H Wotiz, Spccirochmi Acta 9,346(1957) 

\ Tors Spectiodum Acta 17,511 (1961) 
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TRIPHENYLPHOSPHINE OXIDE COMPLEXES OF 
NON-TRANSITION METAL HALIDES 

M J Fra7}r, W Glrrard and R TwAirs 
The Northern Polytechnic, London N 7 

{ Rea ii't’d 2 Alienist 1962, in levisetl Joi in 1 Oclohcr 1962) 

Abstract — The tnphenylphosphine oxide (TPO) complexes ssith transition metal halides have been 
investigated extensively over the last few years,” “ but the only complexes with non-transilion metal 
halides previously mentioned are 2TPOZnCli,”’ 2TPO Znl^,”’ ” 2TPO Cdlj,”"'’ 2TPOHgCl2”’' 
21 PO SnClj,*'” 2rPO SnBr,' ” and TPO SbCh, Our purpose was to prepare a number of complexes 
of non-transition elements with TPO, and to attempt to correlate the decrease, Ar, in the phosphoryl 
stretching frequency on complex lormation with the n.iturc of the acceptor molecule Details ol 
twenty new complexes are given in the Table 1 We also prepared many transition metal halide 
complexes, of these, 2TPO FeClj, 2TPO LeC I3 and 3 TPO CrCl,, have not been reported elsewhere 
and .tic included in the Table 

LXPERIMEN 1 AL 

Pic/viiaiioii oj the iompUaes The complexes were prepared by dissolving the halide or its hydrate 
and TPO m appropriate proportions in one of the solvents (sec Table) usually under reflux On 
cooling or evaporating the solvent, the complex was precipitated and was then reerystalliecd 

Infia-red Spedra As this wevrk was intended only as a preliminary survey a Pcrkin-Flmer Model 
1 37 (Infracord) was used, and consequently the frequency values arc only accurate to about 4 cm ’ 

1 he spectra were taken m nujol mulls The phosphoryl trequency for pure TPO as nujol mull or in 
methylene chloride solution was found at 1 190 cm ', in agreement with the results of Daasc n and 
SviirH'” and Hallman and Pinkas””, but other reported values arc IlSO 1186"' and 119*3 
cm ' ' ’ 

Action of heat on the IPOPCI^ complex The complex (9 05 g) was heated at 200 C at 20 
min Hg for 4 hr A 80 C trap condensate was phosphoryl chloride (77 percent) and the residue was 
ti iphenylphosphorus dichlotide (60 per cent), (Found CT, 21 8 Calc tor 1 .P Cl, 21 3 " , ) 

DISCUSSION 

I he decrease in the phosphoryl stretching frequency on complex formation has 
hccii discussed by Coiton ctal These authors consider that the decrease of 
b.ick bonding from O to P overcomes effects such as enhanced P — O o-bonding and 
mctal-oxygen tt interaction, which would increase the bond order and hence the 
pliosphoryl stretching frequency The mam effect thus appeals to be the polarisation 
”1 the PO bond, and this must be related to the strength of the metal-oxygen bond 
We therefore considered that it might be possible to correlate the dccicase m the plios- 
phoryl stretching frequency, Ar, with the Lewis acid strength of the metal halide 

' 1 01 leading relei cnce see F A Con ion and D M I Gooix.ami- J Cheni Soc 3735(1961) 

’ I or leading reference see Von K Issiiiiiandn Mirscm ri ist,, Z Uioip Chem 304,73(1960) 
J C SiiLiDON and S Y Tvrii- J Amei Chem Soc 80, 477S ( |95S) 

' H H Pk KARO and J Kinvon J Chem Soc 262 (1906) 

I A Coiton, R Barnis and R Bannisiir J ('hem Scic 2199(1960) 

I Linoqvisi and Cj Ol oi-sson, f /le/n Sccmcl 13. 1 7S3 ( |9s9) 

I 3V Daasc It and D C Smiih Inalyt (hem 23 , 853 (lusi) 

M HAiMANandS Pinkas, 7 Chem Soc 3264(1958) 
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1 MU 1 1 

COMIM 1 \l S 

()i rRiPHfNYi phosphinp oxidf 



Solvent 



Fo 

und 



used 111 


111 p 

Req 

lures 

A 1 ' j 8 cm '■ 

C (implex 

Pieparation Colour 

1 C) 

M 

X 

cm ‘ 

rpo MgC L 

i 

White 

249 

6 6 

18 8 

26 




6 5 

19 0 


2 IPO /iiBr, 

ll 

White 

230 

8 5 

20 8 

39 





8 4 

20 5 


2 IPO CdC I, 

h 

While 

173 

15 5 

9 7 

-14 





15 2 

9 6 


2TPO CdBi 

ll 

White 

207 

13 7 

19 6 

35 av 





13 6 

19 3 


21 PO HgBi , 

a 

White 

I2.S 

21 8 

162 

- 34 av 





21 9 

174 


2rPO Hgl , 

h 

White 

118 

19 5 

24 9 

- 36 av 





19 8 

25 1 


I PO BI , 

L 

W'hile 

239 

8 4* 

— 

— 





8 9 

- 


1 PO HBi , 

d 

Cl earn 

140 ISO 

2 1 

45 0 

-103 





20 

45 3 


TPO AlClj 


While 

157 

64 

25 4 

35 





6 5 

25 8 


fPOCiaCl, 

< 

While 

150 

14 3 

23 4 

34 av 





15 3 

23 4 


2TPO InCl , 

a 

While 

256 

149 

137 

— 34 av 





14 8 

13 7 


2n>o IICI, 

a 

White 

199 

23 6 

120 

- -33 av 





23 6 

12 3 


2TPO SiCI, 

j 

White 

146 150 

3 9 

19 1 

31 av 




3 9 

19 5 


2TPO SnI, 

b 

Brow n 

206- 208 

10 8 

42 6 

43 av 





10 0 

42 9 


2TPO AsCI, 

d 

While 

decomp 

105 

14 6 

-36 




10 2 

14 4 


2TPO SbCI, 

h 

While 

169 

16 3 

13 5 

63 to 90 





15 5 

13 6 


2TPO BiCI , 

h 

White 

222 

24 1 

11 8 

40 





24 0 

122 


2TPO BiBrj 

h 

Cl earn 

179 

21 2 

23 9 

46 





20 8 

23 8 


2TPO BiJj 

b 

Orange 

201 

18 6 

32 9 

- 51 




18 2 

33 2 


TPO PCI„ 

d 

Cream 

135 140 

5 9 

36 4 

— 





6 4 

36 4 


21 PO FeCI, 

h] 

Brown 

decomp 

8 6 

10 8 

42 




8 2 

10 4 


2TPO FeClj 

a 

Yellow 

183 

7 9 

14 8 

-43 





7 8 

14 8 


3TPO CrCti 

a 

Puple 

252 253 

5 3 

10 8 

- 34 




5 2 

10 7 



fl, ethyl alcohol, Z), acetone, t, diethyl ether, r/, carbon tetrachloride, e, xylene, /, bcnzciK 
1 under N,. * analysis is for P av average value 
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Related work on ethyl acetate-metal halide complexes, has indicated that there is 
a correlation between the shift in the carbonyl frequency and the Lewis acid strength 
of the acceptor molecule Kinell et al have stated that the use of Ar as an indica- 
tion of electron acceptor strength is permissible only “if the acceptor molecules to be 
compared are under very similar conditions”, and this point was illustrated later by 
Alden and Zackrisson<">, who found that Me^PO SbClj and Me^PO SbClj had 
similar Av’s but quite different enthalpies of formation We now survey a number of 
TPO-metal halide complexes and for a series of similar complexes, the order of \v 
values are taken as the order of Lewis acid strengths of the metal halides with respect 
to TPO as reference base 

Interpretation of the spectra in this way is sometimes made difficult by the splitting 
of the shifted phosphoryl band Splitting may be due to the coupling of PO vibrations 
via the metalatom, or to the existence of non-cquivalent ligands in thecrystal Follow- 
ing the practice of Cotton et a! when the band is split the average value is given 
(marked av ) 

Gioiip 1! complexes The senes of compounds, 2TPO MX„. where M Zn, Cd 
llg and X - Cl, Br and 1 is now complete For the previously reported compounds 
the shifts (cm are 37 for 2TPO ZnCL, 41( 44(^>) for 2TPO ZnL, -36 
( 42'"'0 for 2TPO CdL and 27(- 25**’*) for 2TP() Hgl,, the values in brackets are 
those given originally hor each rnctai there is a slight increase in Ar in the order 
1 Br Cl The melting points of the three /me halide adducts are 229. 230 and 
23rC, and it is of interest that we find melting points in the range 227-233" for the 
two other groups of complexes, of this type, which are expected to have undistorted 
tetrahedral structures, i c those with M - Mnfll) (cP) and Co(ll) {(f) 

Group III complexes TPO BCI, has been reported previously''-’ with Av - - 117 
cm ' The values for the complexes TPO MCI, are in the older B Al ^ Ga 
Indium and thallium trichlorides form 2 I complexes and so cannot be included m 
this scries With ethyl acetate as reference base Lwplri"” finds the order B Ga 
Al In 

It IS not possible to give Av for the boron trifhioridc adduct, because bands attrib- 
uted to boron fluorine stretching occur in the 8 9 u region The boron tiibromide 
complex has Av 103 cm which is less than that foi the trichloride Previous 
indications arc that boron tribromide is a stronger acceptor than boron trichloride 
vith respect to ethyl acetate,''” pyridine''’’ and trimethylaniine 

Group /I complexes SiiLiDON and Tvrii*'” have prcpaied the compounds 
21 PO TiClj, 2TPO SnCl, and 2TPO SiiBr^ Their values which refer to the “maxi- 
mum 111 the proposed PO absorption band” are 50, 55 and 55 cm ' respcctivelv 

1 oi the same compounds, with good analysis, we have Av as 42, 42and 44cm ', 
hut these figures represent the average for the split band 2TPO SiClj and 2TPO-SnI, 
h ive now been prepared The shifts for the chlorides arc Sn Ti ' Si and for the 
im compounds Cl ~ Br — L appiri''” summari/mg his own and eailier results 

"'I I Lappi rt, / C/iein Sue 542 (1962) 

’I’ KiNiLi.l Linoqvist and M Zackrisson, ,4cw C Scaiul 13, I I S9 ( i9S9) 

Is 1 AcuiNdndM Zai KRissoN, AcUi (- hem ScaiiJ 14,994 (1960) 

'•1 J f-RAZfcit, W CiiRRARD and J K I’Aiii.y (hem Sue 726 (1960) 
t M Bax, A R Kairi izky and L F Sin ion, ,/ Chem Sue 12SS(1958) 

It C Brown and R R Hoi Mrs, t 4mei Chem Sue 78,2173(1956), N N Grusw <xio and 
” Pirkins, y Chem Sue 1141(1960) 
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ijiNcs Ulc order i>l deeeptor strengths ol the halides in this group as Fi ^ Sn Ge 
Si and for tin Cl Br 

Group ) (ompicxes The compounds 2TPOMC1, cshibil shifts in the oidei 
Sb Bi As and for 2TPO BiX, the order is 1 Br Cl 

The wliite solid foiined \Gien FPO is added to phosphorus pentachloride is 
piobably not a simple adduct hcidenee that it is moie likely a 1 1 complex, 

PhiPCJo POCI), IS that ( 1 ) there is no absorption in the 8 4 8 9// region, where a shifted 
PO band could reasonably be expected, ( 11 ) the infra-red spectrum is identical to that 
of a 1 1 mixture of tiiphenylpliosphorus dichloiide and phosphoryl chloride, and 

(ill) these two compounds arc obtained when the solid is heated Triphenylphosphorus 
dichlonde has indeed been prepared from TPO and phosphorus pentachloride*’®’ and 
a similar reaction occuis with iriethylphosphine oxide*'®’ Recently Horner and 
1 XRLL*''’ have likewise found that molybdenum (V) chloride abstracts oxygen from 
TPO to give the complexes llPOMoOCl-, and 2TPO MoOjCI, The compound 
formed from antimony (V) chloiide and TPO*®’ may also be moie complicated than a 
simple I 1 adduct, but no infra-red spectial tietails were given 

■if kiMwh (Ip infill - the auUiois lhank Or h E Moosrv and M Golusuin for assistance willi 
ihc inlia-icd sptvlra 

V Grk.n \RU and J Sweso ( H Icinl Sd.Fuiis 192 S 92 (lujl) 

’ J N toiiii and I RivsoLOS.y Chfiii Sar 367(1915) 

"■'S M tIoRMRandS Y IvRit./wo/ Clinii 1,122 (1962) 
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KINETICS OF THE REACTION OF HYDROGEN WITH 
ZIRCONIUM-TITANIUM ALLOY 

V Y Labaton,* S G DoNN,t R H WArsoNf and E WmxLHtAiit 

Uniled Kingdom Atomic tnergy Authority (Reactor Group) 

Reactor Technology Branch, Capenhijrst, Chester 

(Received 18 December 1961 , in revised /oiiii 2 Otloher 1962) 

Xbstract— The late ot reaction between zirconium-titanium alloys, containing 50 and 55 atomic 
percent zirconium and hydrogen, has been studied under static and flow conditions It has been shown 
that under most conditions studied the reaction is hrst order The effect of surface state and of 
impurities in the hydrogen on the reaction have been investigated 1 or comparable static and flow 
Lxpciimcnts at 550 C the reaction rates determined were 2 10 ® g,cm^ mm mmlfg and 0 5 

10 “ g'em- nun mm Hg lespectively The calculated activation energies for the reaction arc 4 1 kcal 
mole between 400 and 520 C and 1 5 7 kcal, mole between 520 and 600 C A brief comparative 
study with unalloyed zirconium showed the reaction to be first order and gave an activalion energy 
ol 17 3 kcal mole between 400 and 470 C 

This investigation was initiated to provide basic data for the design of a “gettenng” 
system for the removal of hydiogen from an inert gas stream It was later extended 
to elucidate the fundamentals of the kinetics of the reaction The work was closely 
integrated with rckited phase and equilibiiuni pressure studies of the system 

1 he kinetics of the 7irconium hydrogen reaction have been studied by Gulbransen 
and Andriw' in their initial study,*’* they concluded that the reaction rate was 
proportional to the square root of the hydrogen pressure These results have since 
been iiileipretcd*’* in teims of an oxide-contaminatcd surface and the reaction is now 
believed to be diffusion-controlled 

Giu BRANSi N and Andkivv*^’ obtained similar kinetic results for the titanium- 
hydrogen system to those originally obtained for the /iiconiuni-hydrogcn system, 
the reaction rate being proportional to the square root of gas pressure These results 
have since been intei preted by Morton'*’ m terms of a reaction controlled by a 
surface oxide him Morton's investigation showed that the reaction was first-order 
with lespcct to hydrogen pressure or the amount of hydrogen absorbed, but he con- 
cluded that the absorption late was controlled by a surface ovide film m his experi- 
ments as in those of Gulbransin and Andriw 

The present study included static experiments with varying and constant hydrogen 
piessLire above the metal and (low expeiiments through beds packed with divided 
metal The static experiments were devised to piovide inforniatioii on equilibrium 

* Present Address UK ALA (Rc.ietor Ciroup), Risley, Warriiigtcm Laneasbire 
Present Address UKALA (Production Gioup), Springtields Salwiek Lancashire 

’ R Pasc ARO and R I abrf, Sviiipo\ium ‘ (.dove Boses and 'shielded C ells ' Papei 15 (1 957) ttuller- 
woilhs, London (1958) 

1- A Gui BRANShN and K L AiiioRrw', ham 4niei Imt l.in^is 185, 515(1949) 

L A Gulbransin and K L Andriw, Rev Melall 51, 101 (1954) 

' I- A Gulbransi N and K L Andrlw, /m/u 4niei Inst r.ii"m 185,741(1949) 

’ P H Morton, Imperial Chemical Industries, Ltd Private communication (1956) 
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pressures of hydrides and rates of reaction in pure hydrogen, the flow experiments 
were made to obtain reaction rates m a system more analogous to a gettering system, 
with a flowing inert earner gas containing a trace of hydrogen The effect of surface 
pretreatment on icactisity w.is investigated 


I HI ORE riCAI ASPi c rs oe tiil Rt action kinetics 


The icaction between metal and hydrogen may be taken to follow the equation 


</i. 

<77 


A iP 


w hcie ciwjdt 1 ate of hydiogen absorption, g/min, A - rate constant for the hydrogen- 
metal reaction g/cm- min (mm Hg)" i - area of sample, cm’, P - pressure of 
hydrogen (min Hg) u index oi oidci of reaction 


C (»i\laiU-i()lumc SI stem 

In a conslant-Noliime system of ) cm'' at T K. 

I ilP 


RT ch 


A (/’" 


wheie R gas constant mm Hgcm'/gdeg K 

dl 

Jt 


I c 


dP kART 


(I) 


It /; -- I 0 equation (I) can be mtegiated to gi\e 
where 


In P - In -- A/ 


P„ initial picssuic (mm Hg) 


and A 


kART 


I 


mm 


( 2 ) 


The equilibrium pressure of hydrogen, P , , abuse the “hydride” phase increases 
with the hydiogen content When the hydride composition is high enough to make 
P , of comparable magnitude to P, the equation applied to the reaction is 


l)(P P.) kART 

Jl '-1 ^ (P 

()t V 


P, )'* 


(3) 


since {P — P, ) IS the driving foice When n 1 0, this can be mtegiated to give 

In {P - P,) In - A7 (4) 

where Pj. is a function of {P„ P) and the sample weight 

This function is not explicit, and values of A*/,, coriespondmg with values ot 
(A’fl P) can be obtained by calculation of the hydride compositions and experimental 
determination of the equilibrium hydrogen pressure 


Constant pressutc system 

In a constant pressure system, if the reaction is carried out at a senes of pressures 
then a plot of In (rate of reaction) against In P will give a straight line of slope n 
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and intercept In K In apparatus of the type used, the rate of reaction can be expressed 
in terms of dPjdt or d(P — P/,^ldt (as appropriate), the rate of change of pressure in 
the “supply part” of the apparatus, which is of constant volume 


flow s\"Hem 

An clement of a bed packed with divided metal is considered with free space dV 
and metal surface area dA In this case, P is the partial pressure of hydrogen in the 
inert gas stream If n 1 0, then 


dP kdART 
df dV 


KP 


If the bed is uniformly packed, dAjdV — AjV, and if /'is the flow rate of carrier 
gas, dl dVjP, hence 


This can be integrated to give 


dP K 

— -= P 

dV F 



A' I 

~T 


Since the concentiation of hydrogen in inert carrier gas is proportional to its partial 
pressure. 


When the equilibrium pressure is taken into account. 



KV 

~T 


Thus, if the reaction is unit order, then if F is varied and values of C (the outlet 
concentration) are measured, a straight line thiough the origin will be obtained if 
In [Cn/«1’ C,, )J is plotted against K/F(the residence time of the gas in the packed 

bed) The slope of the line gives 


EXPERIMI NTAL 

I’lc'pauitioii of iiiatenah 

The 50 atomic per cent zircon lum-lilanium alloy \v.is picpared in the lorm of buttons from iodide 
/irconium and high-grade titanium sponge Turnings, ol average thickness 0 01 in, were made from 
ihe buttons under argon and stored under the same gas Snips (analysis showed Ti, 35 1 Hf, 2 0, 

0 09wt"„) ol average thickness 0 05 m , was made by hol-rolling the buttons in a mild-steel 
heath followed by a final cold roll unsheathed 

The 55 atomic per cent zirconium titanium alloy was obtained from Imperial Chemical Industries 
I united (Metals Division)'"' as ingot Turnings, ol average thickness 0 01 in , were initially prepared 
lunn the ingot by machining m air and subsequently storing under argon, their oxygen content was 
iound to be 0 14 wt Discs of this alloy, of thickness 0 Oh in , were also cut in air from the ingot 
' aier, turnings were cut under oil and stored under degassed kerosene, their oxygen content was 
" 07 wt (Analysis of the turnings showed Ti, 30 4, Hf, 1 4 wt ) 



644 


\ Y L^HAioN S G Donn, R H Waison and E Whiifuiad 


ReinHon niilt liviho^cii cii > (iniin^ prewtue iindei conditions 

Spctiincns conl.iincd in a silica tube wcic exposed to a given jiressiire of hydreigen in a calibrated 
eonstant-volumc syste'iii and the variation of pressure with time w'as followed by ohsei ving a manom- 
eter w ith a eathetonieter The volume of the reaction space was 1540 cm' and, in comparison with 
this the I"' cm' volume ol the heated leaction lube containing the alloy sample could be neglected 
rite percentage eirors intiodueed by variations in ambient tempeialiiic were not considered huge 
enough to jusidv thei mostatting the appaiatus The lemivcralurc of the leaclion lube was measured 
bj a Pt n'’„Rh Pt thermocouple theemf of w hich was fed into a conti ol system which could hold 
the temperature aulomatieally within 5 (’ ol a chosen value 

-V Ivpie il anaivsis ol the elccliol)tic graeic hyeltevgen used was (in vol fE 99 82, 0,002, 

N_ 0 12, to, 006 to 0 02 (H, 0 002 

Rtuciion wiilt h\tli oi^’cii ni coinhiiit pn-ssme iiiuhi \iiitu condiltoii\ 

I he apparatus, pi ev loeislv desei ibcd."^' consisteil ol iwei sections connected by a piessiiie regulating 
valve 'file sample in a silica tube was heated under a constant piessure ol hydiogen in one section, 
and as leaclion pioecedcd hydiogen was admitle’d thioiigh ihe legulaling valve fiom a storage 
section ol know n volume 1 he rale ol uptake of liyilrogcn by the sample was Ur 1 1 owed by Ihe decrease 
of hydrogen prcssiii e in the sloiagc seetimi The sample was he.ited in a furnace controlled lo 2 t 
by a Kent Multilcc ci'iiIk'I s\slcm 
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lie 1 - t onsiant pressure regulating device 


The pressure regulating valve consisted of a soft rubber pad scaling on a glass capillary inlel 
and was actuated by a modified Post Office relay,”' as shown in Eig 1 This relay was operated by a 
mercury switch, and the pressure ol hydrogen above the alloy sample was held lo - 0 005 mm Hg 
The hydrogen used was of electrolytic purity 

After sufficient points had been obtained at one pressure, the hydrogen was removed from the 
sample by heating to 850 C and pumping down to an isolation pressure of 0 05 /i The reaction wa 
then repeated at the same temperature with a diflerent pressure of hydrogen 

""V V Labaton E V GARMRandE WjiiruiEAii, / /nor^ Niicl C/imi , 24, 1197 (1962) 

G W Jacobs, // if/iA/r Erig/ig Chem (Analyt) 7, 70 (1935) 
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ReMtion Hilh hydiofren imdei jlow conditions in packed beds 

Argon containing 1000 parts per million by volume of hydrogen was passed through a packed 
bed ot zirconium titanium turnings at the desired temperature, and the hydrogen concentration in 
the gas leaving the bed was measured 

The argon from a cylinder was purilied by passing it hrst through 1 indc molecular sieve type 5A 
(at ambient temperture) to remove water vapour, and then through a furnace containing calcium 
.11670 C to remove traces of o'tygen and nitrogen The result mg gas contained between 5 and lOp p m 
ot water and less than 5 p p m ol oxygen 

The hydrogen was produced electrolytically, and thus was saturated with water Gross amounts 
ol vsatcr were removed in a cold trap at liquid-nitrogen temperature Traces of oxygen were taken 
horn the hydrogen by catalytic reduction on platinized asbestos at 300 C, the water so produced being 
ibsorbed by phosphorous pentoxide I inal drying to the level ol a few ppm was achieved by passing 
ihc hydrogen through a second cold trap immersed in liquid nitrogen, and then through a bed of 
I Hide molecular sieve at ambient temperature 

The two streams of puic gases were metered by capillary flow-meters in the ratio of 1000 1 of 
irgon and hydrogen After joining, the gases passed through a mixer which created turbulence in 
the streams to ensure unifoim composition From the mixer the gases entered the packed bed of 
/iieonium titanium alloy m the eonstant-leinperature zone of the furnace, the temperature of which 
w.is controlled to r I 5 C by a Siinvic energy regulator 

Hydiogen in the outlet gas stream was measured by converting it to water in a bed of copper 
oxide pellets at 600 C, and then measuring the water content of the gas by a Dobson frost-point 
tngrometer trust points could be determined with an accuracy ol 0 5 C Since the frost-point 
hygrometer measured the total amount of water in the gas stream, two readings were necessary to 
measure the hydrogen content ol the gas c>nc when the gas stream by-passed the copper oxide bed, 
to determine the amount of water in the gas (usually 10 p p m ), and the other when the gas 
siieani passed through the oxidizer, to determine tiital water including that produced from the 
livdrogen The dilfercnce between the two readings gave the hydrogen content of the argon stream 

\i any particular temjX'raturc, the outlet hydrogen concentration was measured at varying flow 
rales, i c . at varying residence or reaction tunes in the bed As the equilibrium pressure of the hydride 
iiieicascs with increase in hydrogen content, this pressure had to be measured by passing argon 
eonlaming no hydrogen over the zirconium- titanium as st>on as possible alter taking measurements 
,11 any particular flow rate and determining the hydrogen content of the stream leaving the bed The 
uiuilibi lum pressure so measured was not the true equilibrium pressure for the system w nh a mean 
composition corresponding with the amount ol hydrogen absorbed, it was a little larger than this, 
hee.uisc of the increased hydri'gcn concentration at the surface ol the alloy, and this changed with 
liiiic as the hydiogen diflused into the l.illice Thus, the equilibrium pressure haa to be measured 
a soon .i.s possible (usually 10 20 min) alter the flow ol hydrogen had ceased The diHcrence 
hetween (he measured and due equilibrium pressures was usually approximately 10-20 per cent 

In the lirsi senes of runs (I) 23 1 got 50 atomic per cent zirconium tilanium alloy were packed in 
1 knglh of 27 cm in a 3 5 cm-dia silica tube In the second senes of runs (11), 33 4 g of 50 atomic per 
ssiu zirconium titanium alloy were coniamcd in 23 cm ol a tube 3 Ocni in diameter such that the 
paskiiig density ol the material was increased by a factor ol 3 9 The third and fourth scries ol runs 
I III and IV) were made with 55 atomic per cent zirconium titanium alloy instead ol the previously- 
I'-i.il 50 atomic per cent alloy, in both these scries ol nins approximately the same weight ol allov 
'flout 5S g was packed into 22 cm of a tube 3 3 cm in duimclcr so tbiit they had approximately the 
'iiv packing density and bed volume The dilTcicncc between the two senes c>f runs was that the 
' li’V lor senes III had been turned in air, whereas that lor scries IV had been turned under oil and 
odd under degassed paiafTin 

'< III il\ oj the specimens and the effect of pieticiiinicnt 

I lie t reatment of each specimen before reaction is summarized below for the three Ivpcs of 

ion study 

5’< (titioii SMifi tiydioi^cti at vat van; piessiiic wtdit static conditions 

1 1 1 After degreasing in chloroform, the specimen was degassed at rocim temperature for at )cast 
2 hr and generally overnight to a pressure ol 0 05 /< Hg 
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( II I A Itak lest was perfoimed whieh gave a leak ot 0 05 /i Hg over half an hour 
(ill) 1 he specimen was healed at the reaction temperature lor 2 hr while pumping was continued 
In some cases the specimens wcie pickled in a mixture containing 400 ml I4N HNOi, 75 ml 
40",, 111' and 525 nil H.O, abiaded under kerosene, or heated in vacuo to 1050 C 

(b) Rciuliou Hilli h\iho"cn a! comlant jnesmie iiiulci slant conditions 

(i) After degreasing the specimen was degassed to a background pressure of 0 05 Hg at room 
temperature 

(ii) A leak lest was peiloimed which gave a leak ol 0 05 /; ovci half an hour 

(ill) The specimen was heated at the reaction tempcratuie lor 15-30 min while pumping was 
continued 

In some cases the specimens were pickled oi abraded befoie(i) 

(c) Reliction tilth lisdioi^’cn iindci Jlon londilioiis 

(i) The specimen was degassed at loom temperature to 0 1 /i Hg 

(ii) The specimen was further degassed at 1050 C to an isolation pressuie of 0 1 /i Hg Ihis 
operation took 5 10 hr, depending on the si/c of the bed When lully degassed the alloy was 
blanketed svith argon and cooled to the desired reaction temperature 

(ill) When the reaction was cismplctcd it was not practicable to lemove each specimen, and the 
packed bed ol niclal was reactivated by pumping olT the absorbed hydrogen at 1050 C to 
an isolation pressure of 0 1 /< Hg This also dissolved any surface oxide layer When not 
in use the bed was blanketed with argon 

The main aim in the prelreatmcni cif the spiecimen was to produce a clean surlacc with minimum 
oxide coverage, and to piescrve this by producing a good vacuum before bringing the specimen up 
to reaction temperature Haii cl a! when studying the reaction of zirconium and hydrogen 
found that the surface oxide film could be dissolved by heating to 1050 C 

Preliminary experiments indicated difiiculty in reproducibility, the reaction rate depending on the 
rate of cooling down from 1050 C to the reaction temperature Many times in the static rigs the 
sample failed to react initially, and the kinetic experiment had to be abandoned 

Any slight leak in the vacuum system greatly inhibits the reaction, and, depending on the si/e 
of the leak the sample varied in colour from matt grey to shiny black, presumably because of diffcreni 
thicknesses of oxide film In some experiments a black deposit of zirconium dioxide was formed on the 
reaction tube, this was attributed to the distillation ol traces of metal halide on to the tube wall 
followed by decomposition and oxidation 

Abrasion to remove the oxide film was not necessary except in the case of 55 atomic percent 
alloy, which was made by turning in air Heating this to 1050 C was not sufhcicnt to dissolve the oxide 
appreciably and to produce a reasonable reaction rate Pickling of the alloy was not found to be 
very elTective in removing the oxide film However, pickling does not inhibit reaction, and this 
technique was used to produce thin samples of alloy 

Often where the pretreatmenl and reaction conditions of two identical samples were apparently 
the same, one would react and the other not It is suggested that a possible reason for samples not 
reacting is the occurrence of undetected leaks during the period of healing to reaction temperatuic 
No cases of non- react ion were observed in the dynamic experiments, where the ratio of metal to avail 
able oxygen was large 

Surface area measurements 

The surface area of alloy swarf was determined by a gas permeability method, developed b\ 
Kozeny'“’ and Carman,”" " '■*' in which the pressure drop across a packed bed was measured wii'i 
gas flowing through it From experiments with 50 atomic per cent swarf with a voidage of 0 SO > 
specific surface area of 60 cm-/g was calculated (assuming a value of 5 0 for the dimensionless constaiv 

M N A Haii SLA Martin and A L G Rhts, Trans Faraday Soc 15,306 (1945) 

'"’J Kozeny, fler Went Akad 136 A, 271 (1927) 

(imp Q Carman, Instn Chem Enters Load 23,150(1937) 

(11) p Carman, J Soc Chem Indusir , Land 57, 225 (1938) 

(121 p ^ Carman, J Soc Chem Indusir , Load 58, 1 (1938) 
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H in the Kozeny-Carman equation) This value was used in the comparison of the rate constants 
obtained from static and dynamic experiments The surface area estimated by geometrical measure- 
ment was about 6 0 cm®/g 


DISCUSSION or RhSULTS 

Reaction at larymg pressure under statu conditions 

Most of the kinetic measurements under these conditions were made at 550 C 
1 his temperature was chosen as a result ol preliminary experiments on 50 atomic per 
Lc'iit alloy, and a consideration of the requirements of the gettering system At 550 C 
il was found that a reasonably rapid rate of reaction and a high concentration of 
hydrogen in the alloy were obtained with a “low” equilibrium pressure of hydrogen 
above the alloy 

Fspei inienfs in which P Pf. Two experiments were earned out with large 
samples of 55 atomic per cent alloy, so that seveial siiccessise additions of hydrogen 
could be made to the sample while the equilibrium pressure remained negligible The 
icsults of one experiment are plotted in Tig 2 The maximum composition reached 
was (ZrTi) Hn ,, which at 550 C corresponds with an equilibrium pressure of 9 ' 10 - 
mm Hg 

All the additions except one ga\c a linear plot of log pressure against time, 
iiiclicating that the reaction is lust-order flic lack of ctirvatuic m the lines indicated 
that any suiface deactivation cflcct is negligible while the reaction is proceeding A 
siiadiial change in slope between succeeding additions showed that some deactivation 
occurs at the end of each addition when the rate of hydrogen uptake is small The 
change in slope was most pionounced when the sample had been left over-night 
Hinder the equilibrium pressure of hydrogen) In the fourth addition illustrated in 
hg 2 the line was no longer straight and the latc of leaction was greatly reduced 
Ibis did not correspond with a half-ordei reaction, as has been suggested by Gui- 
uRXNSi N and Anuri.w*-’ for an oxidc-contammated suilace foi part of this run the 
Older of reaction was indeterminate, and theieaftei reaction was apparently dilTusion- 
cDiiiiolled 

The metal samples for the two experiments wcic prepared by sub-dixision of a 
iiiclal sheet, and the pieces produced were iriegular in shape However making the 
.is.iimption that the surface <ue.i of each sample is piopoitional to its weight, the 
latio of surface areas m the experiments is I 6 fhis should be the same as the latio 
o| the reaction rate constants if late ol reaction is piopoitional to surface area as 
postulated In fact, the ratio of A foi the first addition of the two experiments was 
- - reasonable agieement in \ lew of the assumption nuide legaiding surface area and 
eight of sample 

/ speninents in which P~ P/. Several expeiiments were then made at 550 C with 
‘ 1 dier 50 atomic per cent alloy samples, to examine the effect of composition on the 
'c ol icaction The i esults ol a typical expei iment are plotted in Fig 3. as In (A* — P f. ) 
mist r, the value of P, being obtained fiom the sample weight hydrogen uptake 
d the cuive of equilibrium piessure against composition at 550 C 
^ nture 3 consists ofa senes of sliaight lines in which the slope giadually decreases 
- s xpenments confirm that the oidei of leacfion is unity up to a hydride composition 
'''''■Ti)||„^,^ within the pressuic laiigc 10 0 5 mm Hg The values of A m mm ‘ 
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foi the four additions were (m order) 3 9 X 10 ^ 3 6 " 10 2 7 " 10 ^ and 

2 1 10 ^ The average area of the sample was estimated to be 3 4 cm-^ from its bulk 

dimensions With the volume of the apparatus taken to be 1540 cm* and the tem- 
perature to be 293°K, the value of k was found for the first addition to be 2 0 10 •' 

g/cm^ min mm Hg Fig 3 also shows that a curve would be obtained if In P instead 
In (P - Pj,) were plotted against t 

further runs confirmed unit order of reaction at hydrogen pressures down to 

2 0 10 “ mm Hg, and gave values of the rate constant K in good agreement with 

those quoted above 

Experiments with materials madnned in air and under oil Alloy samples machined 
in air proved to be very unrcactive, only some samples which had been abraded as 
desciibed on p 646 reacted with hydrogen These again indicated that the reaction is 
lirst-order, and the rate constants were found to be I 55 ' 10 “and 1 42 " 10 ^min * 

1 he slower reaction rate (cf K 3-9 ' 10 min *) with almost identical sample area 
Clin be attributed to the formation of oxide in the production of the alloy strip 
Abrasion of the strip evidently did not produce complete removal of the oxide 
layer 

The rate constant for an alloy sample machined under oil was found to be 4 0 
10 "' mm ^ 7'hc sample was estimated to have an area of 12 cm- compared with 

3 3 cm^ for the sample machined m air The ratio of the rate constants 3 7. is further 
evidence of the deactivation produced by an oxide layer on the alloy surface 

Experiments at higher piesstires Guibransfn and Andrew'** found that, in 
ccitain pressure regions, the reaction between zirconium and hydrogen was diffusion- 
controlled and therefore zero-order with respect to pressure Only with the fourth 
addition of the experiment shown in Fig 2 was there any evidence of zero-order 
tendencies, and an expciimcnt was performed at higher initial piessures of hydrogen 
to investigate this A large sample of 55 atomic per cent alloy cut from a disk of 
matciial was used to minimize composition effects, and four successive additions of 
hydrogen were made A fast rate of reaction was obtained and could not be observed 
with great accuracy The results, plotted as In F against t in Fig 4, indicate that the 
Older of reaction changes from unity at higher pressures, and that the pressure where 
the change occurs is lowered as the hydrogen content increases or the oxide layer 
thickens Assuming that departure from first-order kinetics depends on hydrogen 
content, it is relevant that in the first addition the change occurs at 100 mm Hg and a 
composition (ZrTi)Ho j, and in the third addition at 25 mm Hg and (ZrTOH,,,, No 
deductions can be made with confidence from the fourth addition The average rate 
constant from the second and third additions was found to be 1 4 mm * When the 
sample was removed, the pieces of alloy were found to be badly cracked with macro- 
ciacks up to 30 /z wide, and some pieces had disintegrated into smaller fragments 
fills was presumably the result of high strains m the lattice produced by the rapid 
ibsorption of hydrogen 

The rate constant lor the first addition of an experiment cairied out at pressures 
below 10 mm Hg with similar material, was 4 2 , 10 * mm ' for a sample of 7 1 g 
Ihts shows that the rate of reaction at the higher pressures is faster than expected, 
md the probable cxplanation'is the increase in surface aiea produced by the cracking 
d the sample which was noted This is also a possible explanation for the increase 
"t slope between the first and subsequent additions illustrated m f ig 4 
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Real null al lonslanl piessine iindei statu ivuditions 

There was a lack of reproducibility in constant prcssuie e\pennients carried out at 
's50 C This was attributed to the pretreatment of samples before reaction samples 
w'ere heated under vacuum to 850 C to removcoxygen or hydrogen absorbed in previous 
runs It IS believed that \arying amounts of oxide him lefoimed as the temperature 
was reduced from 850 to 550 'C Reproducible results at 550 'C in the varymg- 
pressure luns were presumably obtained because (a) the expeiimcnt was of shoil 
duration and no additional significant amount of oxide film was formed, and (b) a 
single experiment gave sufficient data for the ordci of reaction and rate constant to be 
calculated 

Reproducible results were obtained at 800^C they show the reaction rate de- 
creasing with time, the effect being most pronounced with the run done at the lowest 
pressure (I 6 mm Hg) This decrease in reaction rate was attributed to the effect ol 
the high value of equilibrium pressure of hydrogen above the alloy at 800"C 
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I, (lute this effect, the reaction temperature was lowered to 700'’C and a series of 
^ \pLiiiiients made at pressures ranging from 1 92 to 9 28 mm Hg Figure 5 shows a 
ispital plot of uptake of liydrogen with time for a sample of alloy Runs made at 
.(.tentieal pressures gave good reproducibility, showing that the effective surface area 
,,r (he sample was not being altered by oxide film formation Theoretically the plot of 
hvdiogen uptake with time should be a straight line In practice curves were obtained 
l()i (he start of the runs indicating some deviation in the kinetic conditions However, 
loi the major part of the runs straight lines were obtained From the slope of the 
lines 111 Fig 5 the rate of reaction was calculated A logarithmic plot of the reaction 
lale against hydrogen pressure was then constructed, and the best straight line drawn 
through the points (Fig 6) 

Differences in the surface area of the samples used were taken into consideration 
uhen constructing Fig 6 by duplicating a run on the new sample, at the same pressure 
as that of a run on the previous sample In constructing the rate-pressure graph these 
two points were superimposed, thus giving a value for the ratio of the areas of the two 
samples This correction factor was used to express all results in terms of the area of 
the first sample which was taken as unity Equation (1) shows that, provided that 
there is a definine order of reaction, a plot of log JPjih against log P will give a 
straight lute of slope where n is the order of reaction 1 he slope of this line gave a 
value of 1 0 It was therefore concluded that, for pressures between 1 92 and 9*28 
mm Hg and a temperature of 700'C, the reaction between hydrogen and 55 atomic 
pei cent zirconium-titanium alloy is first-order 

RecHttoii under flow conditions with packed beds 

Oidei of reaction In experiments with 50 atomic per cent alloy (senes 1 and H), 
at constant temperature and for a given range of flow rates, first-order kinetics were 
obtained, a plot of In C'„/(C’ - C\) against t was a straight line, of slope K where K 
IS the rate constant for the reaction as previously defined Here C’o is the inlet hydrogen 
concentration, C is the outlet hydrogen concentration, C/, is the equilibrium hydrogen 
concentration corresponding to the amount of hydrogen dissolved in the bed and is 
the reaction time in seconds As has already been pointed out in the experimental 
section, the equilibrium concentration measured differs by a small amount from the 
ti lie equilibrium concentration, but the fairly constant deviation in C and C does not 
-.ignihcantly effect the kinetic plot 

A typical plot is shown in Fig 7, from the slope of the graph A' was found to be 
I 07 sec ’ In experiments with 55 atomic per cent zirconium titanium alloy that had 
been tinned m air (senes III), the kinetics of reaction were found to be half-order, 
not first-order In this case, a plot of In [C„/(C — C^,)]* ’ against In t, where the 
narameteis are as above, was found to be a straight line of slope 45' These results 
weie reproducible after removal of the hydrogen at 1050' C and pumping to an isolation 
picssure of 10 mm Hg 

In experiments with the 55 atomic per cent alloy turned under oil (series IV), the 
bed was not activated befoie use, but merely heated to the reaction temperature of 
fsf) (p -ppig results showed that the reaction was hall-order as in senes 111, and had 
ipproximately the same rate constant 

After the removal of the hydiogen by heating to 1050' C and pumping to an 
•olation pressure of 10 ^ mm Hg, the reaction at 450“C was repeated This time. 
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however, the results did not fit the half-order plot, but showed first-order kinetics 
These experiments lend further support to the belief that the order of reaction 
depends on the thickness of the protective oxide film on the surface of the metal If 
It IS thin, the reaction is first-order, if it is thick, the reaction is half-order In the 
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t Ki 7 I low i.\ptrimtnl Inst oidsi t.tli. plot at 570 C 


I'liei mediate range, when the oxide layer is not too thick, the leaction changes from 
'■ ilf-order to first-oidcr after heating to I050'C and allowing some of the oxide ions 
"n the surface to dilfusc into the metal II the oxide layer is too thick, however, the 
"iioLint which diffuses into the metal at 1050' C is insufiicient to alter the oidcr of 
■ action 

hflect oj teniperatin e The jesults of experiments at diflerent tcmpeiatures aie 
'I'.Ln in Fig 8 as plots of In KjT against l/T, where 7’ is the absolute temperature, 
"isy show that the Arrhenius law was obeyed ovci the tempeiatuic r.mges studied 
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t-io 8 -Anhcimis plots lor srriss I & II flow experiments 

Fn the experiments of senes I tn the temperature range 500-600’C the rate constant 
varies with temperature according to the equation 

K ( 1 6.000 \ 

- I 5.S 10 exp 


In senes FF, however, for temperatures between 520° and 570''C, the rate constant 
can be expressed by the equation 


5 20 ^ 10 exp 


1 5,400\ 


whereas for temperatures below 520°C the equation is 


„ / 4,100\ 

4 0 ' 10 ^ exp I ^ 7 ^) 
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The existence of two energies of activation for the reaction may possibly be caused 
by a difference in the rates of reaction of hydrogen with y-Zr -Ti alloy and (i -Zr-li 
alloy, which phases exist below and above 520 'C The difference in the activation 
energies for the two processes shows that the reaction rate of hydrogen with the 
7 -alloy IS much less temperature-sensitive than that with the f/-alloy 

Efject of patkinf^ density As the turnings used in senes I and II experiments came 
fiom the same batch of material, the specific surface area should be approximately 
the same in both beds, thus one would expect the ratio of the reaction rates to be the 
same as the ratio of their packing densities, namely 3 9 From Fig 8 the ratio of the 
leaction rates at 550 C was found to be 4 5 

Comparison of the lalc constants of statu and fiow experiments 

The results of both types of experiment can be expressed in the form of a rate 
constant K ^ (/r/l/?7/F) min which depends on the packing density ,1/F and the 
temperature T 

Using suffixes S and F for comparable static and flow experiments at 550°C, 
icspectively. 
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A, -1, 

3 8 


^ / 
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h 
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Ihus the rate constant obtained from the static experiments is four times as great 
as that obtained lioin the dynamic experiments The agieement between the two 
types of experiment is reasonable, consideiing the large difference in packing densities 
It might be expected that the argon used in the dynamic experiments would exert a 
"blanketing” effect and reduce the rate of diffusion of hydrogen to the alloy surfv'c 


Rciution (ifhvdiogeii iMth ziuonmni iindei flow londitioiis 


A small number of comparative experiments with ziiconium metal were done 
under flow conditions After initial activation of the zirconium the lesults weie 
ic'produciblc 

In the first experiment at 450 C, the leaction obeyed fiist-oidcr kinetics, giving a 
value for the rate constant. A", of 1 54scc^^ After ic-aclivation at 1050 "C and 
icmoval of the hydrogen, a icpeat iiin at 450' C showed fust-order kinetics, but the 
' alue of the rate constant had inci eased to 3 28 sec ^ After lemov al of hydrogen and 
Inither reactivation at 1050 'C, icpeat runs at 450 C confirmed the value of 3 28 sec ^ 
l"i K Runs were made at vaiious tcmpeiatiircs m the range 400 470'C, the results 
I’lotted in the form log (KjT) against l/T gave a stiaight line which can be represented 
"V the equation 



10 'exp 


1 7 300\ 
Rr'! 


I hesc experiments arc the only ones known whidi show the leaction of zirconium 
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and hvdiogcn to be fiist-ordei Gin BR\NShN and Andrew''*’ showed the reaction to 
be ildUision-conti oiled but then study was at higher pressures, namely I 0 5 0 cm Hg 
It might be cspccted that a reaction which was first-order at low piessurcs ( 0 7 

mm Hg) would become diOusion-eontroIled at higher pressures In the study of 
/iieonmm titanium alloys, dep<irlures liom liisl-oidei kmcties are only indicated at 
Lonsideiably highei picssuies than those used in the study by Gulbransin and 
Am)R 1 w I heie IS thus some evidence that dillusion of hydiogen is more lapid m 
/ireomum titanium alloy than m /iiconium 

I lom data obi. lined by Morion''*’, the activation energy for the reaction of 
hydiogen with lilanuim was calcul.Ued to be 14 5 kcal/molc, and it is of interest that 
the v.iliie ol the .leliv.itioii eneigy foi the leaetion ot 50 atomic pei cent ziiconium- 
tit.inium alloy with livdiogeii m the same tempeiatuie lange, namely 15 7 keal/mole, 
IS inlet mediati. between tlie values Im ziiconium and titanium 

l( /( nil Ilf I his [Nipi. I IS iniL'ilislied hy permission ol Mi R V' Mooit, Managing Diieelor 
ot Ills Re wloi (iioap e'l llie IJniled kiiigelom \loiuie Lrieigy Aulhoiity 
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ON THE VOLATILITY OF SOME POLONIUM COMPOUNDS 

H Mai>U{ in 

Oepaitmcnt of Chcmisliy, Tjcutly ol Science, I he University of Tokyo, 

Bunkyo-Ku, lokyo 

(Rcrcivctl 10 Scplenthir 1962, in iiri\ci/ Joint 12 Noiemher 1962) 


Abstract -The volatility of thii teen polonium compounds which arc extractable with organic solvents 
w is investigated The icsult of heating tests show'cd that all compounds resulting Irorn the inteiaclion 
ol polonium with chelating agents volatili7c below 200 C/I atm 

I^iJRiNCi a stiiciy of the solvent cxtiaction of trace amounts of polonium, Kivtt r\ and 
the present author observed sublimation of the polonium extracts uith dithi/one at 
the unexpectedly low temperature of 120 C lests conhrmed that the volatility of the 
pt'loniuin should be attributed to the ditinzonc compound itself and not to a thermal 
decomposition product Since this property has never been reported before and, 
m general, information on the volatility of inner complexes is rather lacking, a more 
extensive study Inis been made 


LXPt RlMl N I \1 

Riuliiiui III e liticci 1 

t upper ti.iccr ''‘Cu was produced by (</, /O reaciiun on coppci wiih ,i cvciotion at ihc Iiistuuie 
of Physical and Chemical Rcscaich 

As silvci <ind c idinium liacer, ""’"Ag and c>bl lined I rum Oak Ridge NaliomI L iboiatoi v 

USA were used vvilhoiil luilhcr puiilicatiun 

Itadioactivc Iclluiium was separated fiom (issh lissiun piuducls and puiilied with viliun and 
mioii exchange icsms 

I’ulomum and ladioiclivc lead and bismuth wcie prepared fiom aclive dcpcssils m .igcd radon 
lubes Radium-IO-t -F mixtuics wcio leichcd out licsm i.idon tubes lollowed by the sop ii itjon ol 
one niielide Irom another with an ,inion exchange resin 

t upaiiilioii oj lamples jot hcuUn" U \t 

the oiganic layers contammg the ladio.tctivc cxtiacts wcic transfciicd unto stainless steel disks 
(2 5 cm in diamctci ) Then tlic oig.imc solvents wcic v.ipotin/cd at low tempcialure the dried 
samples thus obtained weic subjccled to healing 

III adii'^ 

The disks were healed on a hot plale (Fig I) which w.is designed loi ihe purpose ot ihis 
expel iment 

litintv mea\ut ement 

the 7-acUvily ol -‘"Po was measured with .i 1 auritscn elcelroseope The activities ol "C u 
"" 'Ag, “’"'Cd, i-””‘le h ’-“Ic and -"’Bi were measuicd witli .i end-window Ci-M ciuintci Ihc 
olt-/(-emiac‘r -’"Pb was determined by measuring the />’-iays from -'"Bi m i idioaclivc equilibrium 
>ith ihe -'"Pb 

’ Is Kimura, H Mahuc HI, /?//// C'Ihiii Six 28, 535 (1955) 

' Y Sasam, Jiipoii Allah si 4, 637 (1955) 

3 IsiiiMORt, C hem Sac 7(ip</n 28, 432 (1955) 
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(2) Ic-ll (6) gl.iss covtrjng 

(1) clci-lrii, healer (7) non plale 

( 4 1 ihei mometei 

RISUI tS \NI> OISCL'SSION 
llcafiiif; lest'! (in mclnl cliiliizdiuiles 

P\Ri'\LD and Akr HiNM<iD*'* observed the decomposition ot the dithi/.onates oi 
silver (186 C), lead (215 C), /me (225 C), and eoppei (150 C) without appreciable 
sublimation when these compounds were heated from 150’ to 250 C Tn the present 
work radioactive isotopes were used so that only trace amounts of the complexes 
were eonceined 1 lie results obtained arc summaii/.cd in Table 1 It is noticeable 
that telluiium, a lower homolosue of polonium behaves just like polonium, whereas 
the others do not 

Ueatnn' tests an poloninin compounds 

I’olonium often forms v olatile compounds The carbonyl, hydride and diineth}! 
compound arc known to be highly volatile substances Cairo*'’ found that the complex 


T Mill 1 

- \oi A 1 11 1 1 Y <)l 

\]{i i>nm/'<>NAn s o» 

SIVKKM MHAIS 


Isotope used 

Quantity used 

Result (healing lor 

1 lenient 

as tracei 

including carrier 

] 5 min) 

Coppci 

' '< u 

1 80 -<g 

No sublimation 

Silver 

1 1 

• /'g 

No sublimation 

Cadmium 

"'■'"Cd 

1 /'g 

No sublimation 

Tellurium 

'-"'■'Tt, >'”Te 

1'raccr scale 

120 C 14";; sublimes 
no C 58",; sublimes 
150 C 65 "□ sublimes 

lead 

-i.pb 

tracei scale 

No sublimation 

Bismuth 

‘"Bi 

Tiaccr scale 

No sublimation 


J C Pariam), P Arc H iNAKi), 7?<'( Imi Chun 71,644 (1952) 
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«_hlonde ol polonium e\trai.ted by kclonc \olatili/es at a comparatively low 
lempciatuic 

In tlie present evpciiment, the \olatililv of polonium compounds which are 
cxtiaclahlc \uih orizamc solvents was studied The compounds investigated are 
tabulated in I able 2 togethci with the conditions for each estraction These com- 
pounds tiie disided into t\so groups according to their chemical nature 

(a) compounds icsultimj liom the inteiaction of polonium with chelating agents 
(I - II m fable 2), 

(b) compounds cvtractcd into solvents m the absence of chelating agents (12 and 
I ^ m Table 2) 

The samples mounted on stainless steel disks were heated, and the polonium 
activity was measured in oidei to hnd the extent of sublimation The result is shown 
m Table 2 1 he 5lli, bth, and 7th columns of Table 2 show the percentages of polon- 

ium letamed on the disks alter 15 min-hcating at IDO’, 150°, and 200 C, respectively 
In the last column is listed the lowest temperature at which a noticeable decrease in 
polonium activity is cibscrvcd fhis was determined by measuring the percentages of 
polonium ret.iined on the disks alter healing each compound for 30 mm at vaiious 
tempciatuics Thenoyltritliioroacctone complex, ether extract and ketone extract 
were omitted from this test, because of dilhculty m handling m the case of the TTA 
complex and of non-volatili/ation below 200 C m the case of the ether and ketone 
extracts 

(1) All polonium compounds except Nos 12 and 13 sublime below 200^C/I atm 

(2) The volatility of the polonium compounds with chelating agents of similar 
type tends to decrease in the following ordci, though nothing decisive can be deduced 
because of the unceitamty of their chemical formulae 

(a) thiourea sym-diphenylthiourea 

(b) thiosemicarba7idc l-phenylthiosemicarba/ide 

(c) diphenylcMrb>i/ide ^ diphenylcarba/onc diphenylthiocarba/one di-p‘- 
naphthylthiocarba/onc 

(3) The volatility of the compounds with diphenylcarba/ade, diphcnylcarba/one, 
and diphcnylthiocarba/onc is noteworthy 'I he first two sublime below 100 C/l atm 

From the results mentioned above, it follows that the low-temperature sublimation 
IS not a peculiarity of polonium dithi/onatc, but is common to several complexes ol 
polonium 

The high volatility of these polonium compounds will find its application m 
separating polonium from other elements 

■i( kiiDwIccl^eimnis —the author wishes to express his sinccic gratitude to Prof N Saiio and l)i 
Y Yokovamv ol llie University of Tokyo, and lo Dr K Kimoka ol Japan Atomic 1 nergy Rcseaich 
Jnstitule for their kind advices and most encouraging discussions 

A I C AiKo, Fi occcc/iiis^i oj llic Iiilcnialioiuil Conference on the Peciceliil Use': oj Alo/nic tnci'^’S 
OciKiti l9sS, Vol 7 p 331 United Nations f 1956) 
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STEAM DISTILLATION OF POLONIUM COMPOUND 
WITH DIPHENYLCARBAZIDE 

H Ma»u(ii[ 

Dcparlmcnt of Chemislry, haculty ol Science. The Univcrsily of lokyo, 

Bunkyo-Kii Tokyo 

(Reccireil ]0 Sepit/nhd 1962, in inucilfo/m ]2 Notembei 1962) 

Xbstract — Fidcc amounls of polonium c.in readily be steam distilled from 0 1 to 0 5 N nitric acid 
IS ihe diphenylcarba^ide complex Chloiide ion loviers the efficiency of the process 1 he separation 
IS suitable for isolating Po from radium-O-h-b mixtures 

1 111 ILL ate, in general, two kinds of vapoiiri/ation ICLlmiques available for separating 
\olalilc substances from others evaporation from solid surfaces and evaporation 
Irom solution The distillation procedures hitherto used for separating polonium 
liom elements such as lead or bismuth ucrc in most cases based on the former tech- 
nK|ue, that is, sublimation of elemental polonium followed by the deposition on gold, 
platinum or nickel suifaccs Though this is a convenient and commonly used method 
111 the analytical chemistry of polonium, there is one disadvantage, we can hardly 
expect complete vapouri/ation From this point of view, vapourization procedures 
using a liquid phase are desirable 

Previous work has shown that**’ the diphenylcarba/ide complex deserves special 
lUention, firstly because it forms a highly volatile compound with polonium which 
sublimes at as low a temperature as 90 C from solid surfaces, and secondly because it 
IS f.iirly soluble in warm vv.iter In view of these two properties of the reagent it 
seems very likely that we can distil polonium from aqueous solution, using diphenyl- 
c.iibazide The main purpose of this paper is to report the efiects of the conditions 
on the separation of polonium by distillation of this complex 

t-XI'hRlM FN FAl 

/ li liniiiitii I cxpt'i imcnt 

1 ifly millilitres of aqueous solution of polonium were taken in a C laisen-lype distilling apparatus 
nil VO mg of di|-ihcnylcarb.i/idc powder added 1 he solution was healed and distillation was carried 
nil until 40 ml of solution were distilled oil I be polonium was deteimmed in the distillate The 
i II 'si p.iit of the polonium appeared in the cirlicr portion of the distillate 

''i‘l'jniii?ii \laiul(iid solution 

Itadium-l (-"'Po) was sep.ir.ited from radium-D-F-F mixtures which were leached with conecn- 
I isd mine aeid from aged ladon tubes Foi the' separ.ilion of these mixtures, the .tnion exchange 
' iliiid by IsiiiMORi'-’ was applied Radium-l thus eiblaincd was divided into two pins, one of 
I'elt w.is stocked as V M mine aeid solution and the othci as 4 M hvdrevehlone acid solution 


''‘■iilliinon pi ocednre 

file following proecdurc w.is .teiopted Filty- millilitics of aqueous solution cif pciloniuni .tre 
■isfLiied into a small all-glass distilling apparatus Alter the addition of a definite .miount of 

fl Maiiuchi, y Inor" Mini Clicrii 25, 6 ‘'7 (1963) 

I IsiiiMORi Bull ( lu'in S'oi y<//><m 28 . 432 (14SS1 
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(.lipiienvlcai b.uide povMlci into this sdIuIioii, h.ill the inituil volume is distilled oil The percentages 
ol polonium distilled an, calculated from measurements ot the polonium activity m the remaining 
liquoi 

Dctci miiuinon oj poloniiitti 

R.idiuin-F contained m the aqueous solution was cxtiaeted with a carbon tetraehloi ide solutiem 
ol dithi/oiie at pit I 1 he esti let was lemoved onto a stainless steel disc and diied at about 30 C 
The -/-activity v'f this sample was measiiied with a I auiitscn electroscope 


RTSUTTS AND DISCUSSION 


I jjcct (>! (Hidily on l/ic cjjuiciuy of ei aporatton 

Results for hydrochloric and tiitric acid media ate illustrated in Figs 1 and 2 In 
each case 30 mg of diphcnylcarba/ide was used 




fn. I Distill ition ol polon- ti 
Him from hydioehloric acid g 
solution 2- 
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Fk» 2 lOislillalion oJ polon- 
ium liomniliic iiLid si)luiion 


C-'O^p trjtioo of HNO^ 

It may be notiecd 

(1) In general, the efhciencics are better for distillation from nitric acid solutions 
than from hydrochloric acid solutions 

(2) In the case of nitric acid solution, almost complete evaporation of polonium 
may be expected between 0 I and 0 5 N in nitric acid At an acidity of more than 
0 5 N, decomposition of diphenylcarba/ide takes place and a sudden decrease in 
clTiciency is observed 

(3) In the case of hydrochloric acid solution, the cllicicncy decreases gradually as 
the acidity increases and essentially no evaporation is observed above 1 N 


Ejfect of the anion on the efficiency of evaporation 

We have noticed above that the clTiciency of evaporation of polonium from 
hydrochloric acid solution decreases as the acidity increases This seems to be due 
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to the presence of chloride ton in the initial solution This was confirmed by the 
following experiments 

The initial polonium solution in the distillation flask was adjusted to 0 3 N in 
nitric acid and a given concentration in sodium chloride As before, the amount of 
diphenylcarbazide used was 30 mg In this way the concentration of sodium chloride 
was varied up to IN The percentage of polonium vapouri/ed at each chloride 



C> ncentrol 

Fk. 5 rn^tto!S04= 


concentration is shown in Fig 3 For comparison, the ellccts of the presence of 
lodiitm nitiate and sodium sulphate v\crc inscstigated in the same va> The results 
aie illustrated in Figs 4 and 5, rcspcclisely I he result clearly shows the interference 
of chloride ion with the vapourization ol the polonium ccsmpoiind This elTcct is, 
picsumably, due to the strong complexing of polonium by chloride ion which would 
inevent the element from forming diphenylcarbazide compound 

/ //t'( I of larying the torHcntnilion of dipliankaibazidc 

In Table 1 is shown the result of the vapourization experiment, where the amount 
o| diphenylcarbazide used was vaiied The acidity was kept constant (0 3 N in nitric 
'cicl) m all these runs The effect of dipheiiylcaibazidc is clearly shown in Table 1 
I nd we notice that diphenylcarbazide concentration of 0 83 ' 10 ’ M/L (1 mg/50 ml) 

s siilTSicieiit to distil off polonium under these coiulitions 
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I \HI I I LllUl OI l)ll‘HI NM t VRfi \/ll)t CC)N( I NIKAIION 
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DiplKiivIcai h i/iJe iddcd 
( iii!:/ 50 nil ) 


Po \.ipOLU I/lcI 


20 


I 

1 

0 S 
0 S 
0 S 
0 S 
O ^ 
0 1 
0 


W 

99 

100 

OS 

99 

[0 

s 

s 

22 

4 

14 
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licaiiucnt oj till- ili\lill(.ile 

To use this stpauitiou pioecstuie it is ncecssary to know how to ticat tlie distillate, 
for the poloiiiuin eontaincel in it may possibly be volatile and so may be dissipated by 
e.ueless trsatment Flic l(dlowmt; treatments wcic studied 

(a) r vaporation ol the shstillate One milhlitie of the distillate (polomtini aetiv ity 
] 9di\ mm 'ml ') was tiaiisfei rcil onto. i i-'lassdiskand then diied on a water bath The 
.letiMty ol polonium lelained on the disk w.is measured with a I amitsen eleetioscope 
-Stieh piocedure was earned out three times The results are tabulated m lable 2, 
together with the values obtained when, for coinpaiison, t) I ml of 30 per cent hydro- 
gen perovide or coiiecnti.ited mine .leid was added into the s.imple 


I VIIII 2 Dn HI VSI Ol ISIIONUM MlIVlIV on iirsino 
11' I ill DIM II I V I 1 


Polnimim wliMlv icl,iini.(.i in llic ilisti allci iliyiiig up 
(div /min) 


No u. igcnl utdsd 


H O iddtd UNO, lidded 


I 02 
1 44 
1 6S 


t 9() 

1 84 

I X6 

1 8S 

1 8S 

1 87 


(h) Fxtraetion with carbon tetiaehloridc — One millilitre of the distillate was 
extracted with an cc|ual volume ol carbon tetrachloride in a scpaiatory funnel for 3 
mm The organic layer was transferred to a stainless steel disc, dried at room 
temperature and the activity measured The results arc shown m Table 3 

It IS clear from these two experiments that the polonium m the distillate is volatile 
and extractable with carbon tetrachloride Presumably the polonium exists in the 
distillate m the form of the diphenylcarbazide compound If such assumption is 
correct, oxidizing agents such as hydrogen peroxide or nitric acid must prevent 
vapourization of polonium by decomposing the complex This is proved by the data 
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TaBM 5 rxiRACIION Oi I'OIONIIJM 
IROM HU DISIILLAII Wllll tARUON 
IITKAC IIIORIOI 


Polonium activity extracted 


(tliv /nun) 


I 40 

74 

1 67 

88 

1 31 

60 


111 llic 2iui and 3rd columns ol lablc 2 Therefore, it is essential to add oxidizing 
agents before fuithei treatment of the distillate 

ipplncition of the method to separation of radnnn-F from radium- D-C-F mixtiii es 

The steam distillalion of polonium described above was applied to the carrier-free 
separation of radtum-b from its parent nuclides radium-D and radium-E The 
pioccdtire used is as follows 

I'llty millilitres of nitric acid solution of radiiim-D-E-F mixtures aiC taken in an 
all-glass distilling apparatus The acidity of the solution is ad|ustcd to 0 3 N in nitric 
acid After the addition of 30 mg of diphcnylcarba/idc. the distillation is carried out 
unlil half the solution is distilled ofl' 

I Mil I 4 -OlSIRIimilOSOI RAHIl Vl-f), -t -r IS I \l H 1 R M I ION 
M HR nisi II I A IIOS ( "„) 



Dislill lie 

Remaining 

IlcjllOl 

VV isliini) 
soliilion 

R.ictium-lt 


07 

0 1 

R,uliuni-I 


too 

0 2 

Raclium-I 

S6 

7 

47 


An example of sepaiatioii by this procedure is seen m Table 4 The percentages 
111 the table show the distiibution of each nuclide in the distillate, the remaining 
1k|uoi, and the nitric acid solution used foi washing the inside of the cemdenser The 
dctci inination of three nuclides was done by the use ol their decay characteristics 
ladiuin-IZ by its pure //-activity and radium-D by the growtii of its daughter nuclide 
laclium-T 

As shown in Table 4, scpaiation is nearly coniplcle and radiochemically pure 
ladium-T IS found in the distillate This aqueous distillate does not contain noticeable 
' mounts of organic reagent 

k nt>^\ U ment The aultior wislics lo llcink Prc'l N Smio t^i 5 \okosamc ,iiiij I)i K 
si'U KA lor then invaki.iblc .ictsices inJ ctist.ussions 
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OXYGEN EXCHANGE BETWEEN CO AND CO, 

C A Bank"* and E A Th Vlrdurmln 
F O M ~ I.dboratorium voor Massaschciding, Kruislaan 407. Amsterdam O 

{Recenecl 20 Septembt'r 1962, tn leiised form 20 Nol ember 1962) 


\bstract The exchange of oxygen between CO and CO^ has been studied with ’"O as a tracer, ovi 
a temperature range Irom 800-900 C, in a transparent quartz vessel No exchange of oxygen betwee 
the gases and the quartz has been observed, except at 900 C in a packed vessel The CO/COj exchanj 
appears to be at least partly heterogeneous Rather small amounts of water enhance the exchan^ 
rate T he exchange rate depends on the CO^ pressure to the first power At 820 and 850 C the ra 
IS independent of CO prcssuie A mechanism is discussed At 900 C the CO/CO 2 exchange probab 
occurs partly in the gas phase A comparison is made between the results on CO/COj isotof 
exchange studied with carbon isotopes as the tracer, and our results 

Isoiopi exchange, around 900 ‘'C. in CO-CO, mixtures was studied by Brandne 
and Uri\*'*’, using “C as a tracer The reaction in a quartz vessel was found to h 
heterogeneous, and the rate of exchange wras independent of the total pressure an 
composition of the gas mixture Norris and Rlbi n**’ studied the isotopic exchan^ 
witli '*C as a tracer Tlie reaction followed the rate law rate — k(p^ o)””'* (/ 2 , 

A probable mechanism appeared to be bimolecular exchange between the reactaiu 
adsorbed on the surface The data of these workers, like those of Brandni-r an 
Urii, were quite poorly reproducible Hayakwva'^’ using *-*C as a tracer, obtame 
a rate law 

late : A /?, o. r - — : 

'1 P /All 

I he i.ite deteimming process seems to be a bimolecular exchange reaction betwee 
the two reactant species adsorbed on quartz 

The isotopic exchange between CO and CO, has been studied here with ***0 as 
tracer m the temperature range 80(T9(X)' C Pieviously, it is not obvious that one 
sludymg the same exchange reaction, using an oxygen or a carbon isotope as a trace 


LXPt RtMLNl XL 

Gtnt X 

N.iluul carbvin dioxide w.is taken Irom a gas cvhndcr puiity 99 S per wnt carbon dioxid 
"s iluial CO was pieparcd by reduction of caibon dioxide with Zn at 400 C The naUiral gases vve 
1 nnchcd by thermal diflusion 

All gases were purified by keeping the gases for some houis al liquid air temperature, the gasi 
'cre pumped and stored Mass speciromciric analysis showed satisfactoiy purily 


' f A Bank, Thesis, Umversily of Amsterdam ( 1962) 

J n BRANONiRand H C Urly, T C hem Phw 13. 151 (1945) 
f H Norris and S RiiiiiN.y Clum Pbw 18,1595 (19X0) 
f Havakawa Bull Chem S'oi Japan 1b, 165 (1951) 
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4i>i>ai arm 

The reactions were performed in a 30 mm dia eylmdrieal transparent quart? vessel, length about 
13 cm and volume 89 ml The vessel was placed in a resistance-heated furnace The furnace tem- 
perature was maintained constant to J S^C The temperature gradient along the reaction vessel was 
less than 10 C The required vacuum (about 10 ’ mm mercury) was obtained by a rotary oil and a 
mercury diffusion pump The volume of the vessel which was not at the reaction temperature was 
less than 1 per cent 

Pi oc edm e 

The reaction vessel was first evacuated for several hours at the reaction temperature The gases 
vsere mixed and subsequently led into the quart? vessel The inlet pressure of the gas mixture was 
read on a mercury manometer After reaction the carbon dioxide from the samples was fro?cn out 
m liquid air The components of the samples were analysed separately by a eoincntional mass 
speelroincter 

RbSlII I S 


The rate of exchange S, is defined by*®* 

In (I /) (1) 

I P( i> I pi II, 

,, and /;, signify the prcssiiies of CO and CO^ in the re'.iction mixture t is the 
exchange time and P is the relative exchange, or exchange fi action 


r 


C - 'll 

wheiein is the fractional content of '**0 in CO or CO^ .it time /, and \ , and x,, arc 
the values for this fraction at f ooand/ -0 The values of \ , have been calculated 
from the fractional '**0 content at t 0 and the mixing latio of the gas components 
In this calculation we assumed at t o a proportional distribution of ***0 between 
the gas components A possible isotope eflect was neglected *'’* 

The dependence of the exchange rate S upon the reactant concentrations is given 
in the general form ^ ^2) 


A log log plot of A as .i function of the pressure of CO, at constant CO_> pressure, 
should give a stiaight line with slope// A similar plot of .Vas a function of the pressure 
of CO^, at constant CO pressure, should give a straight line with slope /// The results 
are repoitcd m the Figs 1 6 The precision of all *'*0 contents is between 1 and 2 per 
cent In all these experiments no measurable amount of '"'O exchanged with the 
sill face oxygen 

The values of the exponents m and //, obtained fiom the plots, ate sunamarized 
111 Table 1 Calculations have been made by applying the method of least squares 


Tahi r 1 Vaioisoi ixpcimnis n vsn m 


Temp ( C) n 


820 000 I 0 17 t 41 ' 0 IS 

850 0 04 ' 0 12 0 99 * 0 05 

900 0 67 I 0 05 1 01 ‘ 0 03 


'It McKaV, Afl/zz/a, Z.(W 142,997 (1938) J 4mei C hem Sm 65.702 (1943) 
"It C Urey, / Chem Sac 562 (1947) 
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Erom a comparison of ihe cspennitnis expressed by black poinis and open circles ihe 
rcprodiicibiluy o( the late measurements can be seen 



Fio 4 — Dependence of rate on COj pressure at 820“C 
Calculated slope 1 41 +0 15 
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J iguic 7 IS a typical plot of log (1 — /') as a function of i (bach point was ob- 
tained by pci foi Tiling a new expciinicnt) According to equation (1), the plot should 
be a straight fine foi a pai tieular misturc The actual plot shows a highci initial rate 
bxpciiments showed an influenec of the prctieatnient of the leaetion on this initial 
I ate We did not study this phenomenon fuithei, but possibly it is due to a rapid 
ehcniisoiption pioecss r^iicel connection of the reaction vessel to the ionization 
chambci ol a mass speetionutei would make it possible to follow the exchange as a 
luiietiein of time' and to veiily this highei inituil late nioie accuiately 

After c.ieh expei iment the ‘"O contents ol the CO and of the CO. were determined 
by mass spcctrometi le amilysis The exchange fraetion /-'was calculated fiom the 



t-io 7 Sciiiiloganthmic plot «l 1 Tvs nine at 900 C 
Miving ratio C(),C(). \|^ I olal pressure 200 inin llg 

Mivmg latio CO/C O., 1/2 lolal prcssuie 4^0 mni llg 

Mixing I alio CO/CO. I/I Total picssiirc 400 mm Hg 

values of V,. V|, and v , By substitution of this fraction I in expression (I) the rate 

of exchange S was obtained The exchange time was chosen in such a way that an 
exchange fi action was obtained with 0 10 • , /• ' 0 40 

To test for hctciogeneity the vessel was packed with crushed quart/, increasing the 
surface to volume ratio with a factor 38 Some results arc given m Table 2 The values 

TaBLF 2 KUCLNCb OF I'ACKlNt. ON Till KAIl OF F\t IIANOL 
(Surl.icc to volume lalio incicascti ihirly-cight told) 


Temp 

PiO 

Pco^ 

Ratio of rates in packed 

t C) 

t mm) 

(mm) 

and unp.icked vessels 

820 

7? 

218 

2 6 

820 

225 

447 

1 7 

850 

75 

227 

4 5 

850 

164 

225 

2 6 

900 

75 

227 

2 1 

900 

226 

226 

24 
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of [log (I — F)]jt have been compared for the packed and unpacked vessel The 
exchange rate is enhanced two to three times In the packed vessel at 900 C a slow 
exchange has been found between the surface oxygen and the oxygen of CO and CO^ 
In one experiment CO^ of content 0 75 per cent, pressure 400 mm mercury, lost 
about 14 per cent of its excess ‘“O in 90 min CO, with '*^0 content 0 69 per cent, 
pressure 400 mm mercury, lost about 1 1 per cent of its excess ”0 in 90 min At 850 
and 820' C in the packed vessel no measurable exchange with the surface oxygen has 
been found The numbcis in Table 2 have been corrected for this loss of ’”0 to the 
suiface 

Possibly traces of water aic still present as an impuiity in the gases Therefore, 
the influence of water-vapour has been studied In Tabic 3 the cllect of different 


Tahle 3 Inhuincf or waiir vapoi r on rur raif of fx( uanof 
Temperature 900 C Mixing ratio CO/CO, equal to 1 I Total pressure 302 mm Hg 
>"0-content at / 0 CO 0 664%, C(h 0 200“., 




l’ii,<. 

Time 

’'’(l-uonleiu ( "„) 


- ><->g 



mm Hg 

mm 

CO 

CO, 

A CO 

( 1 Aco 

3 1 

Dry 

0 0 

202 

0 519 

0 262 

0 47 


3 2 

Dry 

00 

100 

0 587 

0 230 

0 25 

0 13 

3 3 

Wet 

04 

100 

0 5(>0 

0 251 

0 35 

0 19 

34 

Wet 

3 4 

100 

0 480 

0 285 

0 60 

0 40 

3 5 

Wet 

18 0 

100 

0 389 

0 318 

0 90 

1 00 


amounts of water, at 900 C, is given The exchange latc increases by addition of 
water Only m expciiment 3 5 some (4 pei cent) has been lost, possibly due to 
the huge amount of water 

1 rom the data A values ha\e been calculated At 820 and 850 C we used the rate 
law A/i, with n equal to zero and m 1 but at 900‘C we calculated A 

lioni this rate law with n 0 67 and ni I The A VliIucs are gnen m Table 4 

I AHI I 4 R \l F < OSMAN IS 
(A) HFIWIFN 8(X) AND 900 (. 

Temp ( C) A 10' 

2 0 0 2 

S 5 0 3 

0 38 0 01 


III none of our experiments has caibon deposition been obserxed In sexeral 
xpciiments we verified the mixing ratio CO/CO. after exchange No diniieiice with 
''a initial ratio w'as found Thus, there is no evidence for occiiirence of the Boudouard 
lUihbnum 2CO - C I CO^ At 900 C this equilibrium is more than 97 per cent 
^placed towards the side of CO 

< A Bank, E A Tu Vlrourmi n, A f in VRiisandt 1. Moniirif,/ /mm,' Am/ (hem 17. 
(1961) 


820 

8S() 

9(K) 
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DISCUSSION 

Though the increase in exchange rate is much smaller than the change in surfac 
to volume ratio, the data reported in Tabic 2, comparing experiments in a packed anc' 
an unpacked vessel suggest the reaction to be at least partly heterogeneous The data 
of Table 3 show that rather small amounts of water can influence the exchange rate to 
a considerable extent As a consequence of the heterogeneity and the possible piesencc 
of different trace amounts of water the exchange reaction cannot be expected to be 
quite reproducible 

So, we conclude liom the data in Table I that m the temperature range 800 900 C 
the exchange rate depends on the CO, piessure to the first pow-er (m -- 1) At 820 C 
and 850 C the late is independent of CO pressure (/i 0) At 900 the exchange 

late depends on CO pressure, witli // I 

1 lie measuiements can be iiUcipieted by the follovMng mechanism At the tem- 
peiature iinohed CO is adsorbed (piobably chemisorbed) to the maximum amount 
possible at that tempeiaturc f xchange occurs by collision with CO, molecules from 
the gas phase The late dependence on CO piessure at 900'C can be ascribed to the 
appearance of a homogeneous CO/CO_> leaction at higher tempeiatures 

Next, a mechanism involving the oxygen ot the surface must be considered In 
the unpacked vessel, no exchange between the oxygen of the gases and the surface 
oxygen has been measured even at 900 C In the packed vessel, hov/ever, exchange 
with the surface oxygen has been observed at 900 C It is assumed that this oxygen 
exchange occurs in two steps exchange between the oxygen of the gas and the oxygen 
of the surface layer of the quartz, and next diffusion of the oxygen into the lattice 
For both processes an activation energy can be defined 

The geometric area of the reaction vessel is 130 cm- If we assume the siiiface 
layer to be a layer of oxygen atoms, the number of those atoms is of the order of 10'^ 
The total number of particles m the gas phase, at a pressure of 400 mm mercury, is ot 
the order of 10^^ As the accuracy of the mass spcctiomctnc analysis was about 1 per 
cent, exchange between the gas and the surface layer could not be measured In the 
packed vessel the surface area of the quartz has been determined by the B b 1 
method The area was found to be 3600 cm- Hence, the number of O-atoms at the 
surface is of the order of lO'*' As mentioned above, in experiments with CO and with 
CO^ in a packed vessel, the gas lost 10 per cent of its excess The number of O- 
atoms of the suiface, involved in this exchange must be of the order of 10^” This is 
the number in about ten layers So, it seems justified to consider the observed rate 
of oxygen exchange between the gases and the packing as a measure of the rate of 
oxygen diffusion into the lattice We have no data about the rate of oxygen exchange 
between the gases and the surface layer of the quartz If this oxygen exchange be- 
tween CO and the surface layer is a rapid process, a mechanism that could account 
for the CO/COj exchange data is as follows Rapid oxygen exchange between the 
CO and the surface layer is followed by a slower, rate-detennmmg, exchange ot 
oxygen between the surface layer and the CO.^ from the gas phase 

If this mechanism is the right one a comparison with the measurements of Brand- 
Nf-R and Urly,‘'^> Norris and Rubfn'^* and Hayakawa cannot be made, as they 
were using carbon isotopes as the tracer and in this mechanism no carbon exchange 
between CO and CO, occurs 
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1 he values of k at 820°C and 850 ’C, reported in Table 4, are of the same magnitude 
, ihc A values at 799°C and 850°C, reported by Norris and Ruben This agreement 
I iu.igiiitude suggests we studied the same process by using each a different isotope 
Otherwise our results do not fully agree with those of the other workers Norris 
R um N determined the exponents, in the rate law S = A/i, o^co from measure- 
iiHiits at 850"C They assumed the values of n and tn to apply over the temperature 
I tngc 800-900"C This assumption is not valid over the temperature range involved, 
.KLOiciing to measurements At 900’C we found that the rate was dependent on CO 
pK^suie. at 850 and 820"C wc did not 

Mayakanva’s rate expression has the form of a product of adsorption isotherms. 
Ihc Kite determining process seems to be a bimolecular exchange reaction between 
the tw o reactant species adsorbed on quart/.. It is necessary to assume the adsorption 
of CO on the active surfaces is moderate, but CO^ is rather weakly adsorbed, since in 
the experimental rate law 


only the CO factor has the form of a Langmuir adsorption isotherm Thus, as in our 
experiment, the rate is found to be proportional to CO^ pressure Our conclusion 
that exchange possibly occurs between CO adsorbed at the quartz surface and CO^ 
from the gas phase, is given by Hvyakawa as an alternative mechanism 

The dependence of exchange rate on CO pressure found by Hayakawa is different 
from our results This should not necessarily lead to different interpretations, except 
at 900''C w'hcrc we assume the appearance of a homogeneous exchange reaction 
From our measurements wc could not exclude an exchange mechanism via the 
surface oxygen in the way we described above The rates measured by Havakawa in 
the same temperature range correspond with our measurements This may be evidence 
that wc studied the same reaction by using a different tracer In both experiments the 
inlluence of water is the same, though wc measured a larger enhancement of the 
exchange rate by addition of water 

1<knuw/ed^e»ienls -Wc arc indeblcd to Professor Dr J A A KntUAAR for discussions and helpful 
suggestions We also thank Professor Dr J KisiFMAkrR and Dr A E oe Vrifs lor their stimulating 
interest Mi E L Monilrif kindly pcrlornied Ihc mass analyses 

this work IS part of the research programme of the Stichting voor Eundamcnteel Onderzoek der 
Matcrie (Foundation for Fundamental Research on Matter) and has been made possible by financial 
support from the Foundation Z W O (Netherlands Organisation for Puic Seienlitie Research) 
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THE EXCHANGE OF OXYGEN BETWEEN CO, AND O^ 

C A Bank and E A Th VrRuuRMiN 
hOlVI — Laboralonum voor Massascheiding, KruisLidu 407, Amsterdam, O 

(Rccciicd 20 September 1962, m unsed foim 20 Nol ember 1962) 

\bstract The exchange of oxygen betsscen CO^ and has been studied with '"O as a tracer in a 
transparent quart/ vessel over a temperature range between 800 and 900 C No exchange of oxygen 
between the gases and the quart/ has been observed, except in a packed vessel at 850 and 900 C 
Based on experiments at 850 and 900 C, a rate taw is derived The behaviour between these tem- 
peratLiies is in reasonable agreement with the results obtained by studying the influence of packing 
the reaction vessel Mechanisms are discussed 

Up T(i the present results have been published on the exchange of in the system 
CO^ Oj only on Pt-asbestos and CiiO “ For these materials a measurable exchange 
occurs at 600"C In 1958 some preliminary results are reported by Bank Then the 
exponents m and n in the empirieal rate law S = kpi />,,/* were calculated, in 
the following mannet 

The rate of exchange S was determined for three independent mixing ratios 
Values for k, in and n were obtained by solving three equations However, it has 
appeared that the values of S must be very accurate before this method can be applied 
The more recent results arc not in accord with those obtained in the past In this 
papci an cmpiiical rate law' is derived m the way that has been described m our pre- 
ceding paper about oxygen exchange between CO and CO^ 

KXPFRIMI NTAI. 

Natural oxygen gas of purity 99 5 per cent oxygen was taken from a gas cvlinder Lunched 
oxygen was obtained by thermal diHusion ol the natural gas Oxygen enriched in this way contained 
an appreciable amount of argon The argon was separated from the oxygen by passing the ^as 
mixture thiough a column of molecular sie-vcs (Linde type 4 A) modified by the addition of small 
amounts of water at liquid air temperature The oxygen was sorbed and the argon remained in the 
gas phase bxecllcnt separation could be ctleetcd 

Ciascs were piinfied by keeping the gases for some hours at liquid air temperature, the gases 
were pumped and stoicd Mass speetrometne analysis showed salislaetory purity In our previous 
paper, the preparation of COj is already descnbcvi A dcscnption of the apparatus and of the 
evpcrimental procedure appears m the same paper 

RESULTS 

llic rate of exchange S is deimed by*^* 

5 1,1 (!-/•) (1) 

'F. o, ! Pa, 

' 1 1 ITANI, S NAkAPA and A Kanomi-, flr/// Chem Soi /rj/wi 17, 288 (1942) 

N Mori r A and T Tipani, Chon Soc 13, 357 (1918) 

f' A Bank, y Inoi^ Nnd Chem 7, 195(19S8) 

' f) W Brfck,W G Lvprsolf, R M Miiion T B RrroandT L Thomas / Amet Chem Soc 
78, 5963 (1956) 

H McKav, Nali<n\ London 142,997 (1938), J Ama Chem Sot 65. 702 (1943) 
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F IS the exchange fraction 



Further discussion of these equations is given in the previous paper After each 
experiment the ^*0 content of the O 2 and CO^ were determined by mass spectrometric 
analysis. The exchange fraction F was calculated from the values of v,, Vy and x , 
Ry substitution of this fraction Fin expression (1) the rate of exchange S was obtained 
Rxchange times were chosen in such a way that an exchange fraction was obtained 
with 0 10 < F - 0 30 

The results arc reported m Figs 1-2 The assumption of an equal distribution 
of oxygen-18 over both species CO2 and O, at / 00 is justified by the data of Urcy 

In all these experiments no measurable amount of exchanged with the surface 
oxygen The dependence of the exchange rate S upon reactant concentrations is 
given by the empirical formula 

^ ~ ^ Fcoj”* Fo," 

The values of the exponents ni and n, obtained from the plots in Figs 1 2. are 
given in Table 1 Calculations have been made by applying the method of least 
squares It appears from these data that no change in the dependence of rate on 
pressure occurs between 820 and QOO'^C. 

TaBII I VaI I'ts OF lUF FXPONENTS W AND It 

Temp ('C) Lxponent /// Lsponent /; 

820 0 45 ' 0 10 0 49 0 00 

900 0 59 0 02 0 49-004 


Tabu 2 Influincf of pacmni, on ihf raif of fxciianof 
(surface 10 columc ratio increased ihirl) eighl-fold) 


Temp 

Fco, 

P"i 

Ratio of rates in packed 

( C) 

(mm) 

(mm) 

and unpacked vessels 

820 

285 

225 

18 

820 

508 

244 

17 

850 

509 

249 

14 

850 

511 

249 

16 

850 

524 

259 

16 

900 

2(>0 

347 

7 

900 

316 

252 

10 


The question arises whether the increase in the exchange rate found on packing 
I he reaction vessel with crushed ejuartz is the same for the whole temperature range 
I he results are reported in Table 2 At first glance the factors “packed/unpacked” 

H C Urey, y Ciicm So< 562 (1947) 






The exchange of oxygen between COj and 


681 


give the impression that at lower temperatures the reaction is distinctly more governed 
by the sui lace Howcvei, at 82()"C the accuracy of the values for the factor “packed/ 
unpacked” is rather low in comparison with those at 850 C and 900 C This is 
bi ought about by the great relative error in the fractional exchange (/•■ - 0 03 ' 50 
per cent) measured in the unpacked vessel The same erroi calculated for the /"-values 
at 850 and 900 C amounts to 20-25 per cent The factors mentioned in Table 2 are 
then no indication for a striking difTerencc in behaviour of the exchange reaction over 
ihc temperature lange involved 

In Table 3 some data about oxygen exchange between the gases and the quartz in 
a packed vessel are lepoited 'I he composition and piessuie of the gas mixture did 
not change during the experiments 


T Al!l 1 

1 OXVI.IN 

1 \( 

VVilil III! 

QKARl/ IN A l*\( kH 

'"O conlcnt Oj at t 

0 0 795 

o 

‘"O Lonicnl C(7j at t 

Temp 

/>( 

/’■*. 

Time 

''O-loss 

( C) 

(mm) 

(iTim) 

(min) 

("„) 

820 

288 

250 

201 

__ 

820 

155 

269 

202 

-- 

850 

tl5 

252 

155 

1 5 

850 

541 

275 

ISO 

15 

9(K) 

252 

.5 56 

1.54 

27 

900 

514 

251 

151 

21 


The niinibcis mciuioncd in the column ‘ ’'O-loss ’ give ihe pcicciiiage of the total 
amount ol ''() above naiuial level m the gases that Icib been lost to the surface 


DISCUSSION 

I rom the data in Table I we conclude that for the whole tcmperatuie range 
820 90(TC the rate of exchange in the system CO^ may be expressed by 

5 A Por^ 

flic SUI face layci of the quaitz lattice probably plays an impoi taut pait Lxchange 
measurements with the paiticular gases have indicated that a dccicase of the original 
'’^O-content could cinly be explained if theie is an interaction with the surface esxygen 

A more detailed insight into this mechanism may follovv freun considerations of 
Oiu A\ I s <md I. INN1 1 1 about the recombination of oxygen atoms at quartz sui faces, 
« hich lead to the conclusion that can be inserted into the surface An exchange of 
Oils ''♦O with natural caibon dioxide that stiikcs the suilace may occur Fuither, we 
aippose an exchange can take place in which both molecules aie adsorbed indcpend- 
' ally or by collision of a COj-molecule from the gas phase with O, adsorbed at 
ihc SUI face or inversely 


J ( CiHiAvrsand J W Linni 1 1 , Inins lanuias Sos 55, ItSS (1959) 
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As can be seen from the data m Tabic 3, at 850 ’C and 900“C an exchange of 
oxygen between the gas and the surface has been measured in a packed vessel. We 
reported m our paper about COjCO., exchange the occurrence of oxygen exchange 
v\ith the quait/ only at 900 ’C Therefore, it seems justified to ascribe the exchange 
with the surface oxygen in CO^/O, mixtures at 850 C, to oxygen exchange between 
the 0_, and the suiface So a C0,/0^ exchange mechanism involving the oxygen 
of the suifacc is ceitainly probable Nexertheless. we believe the complexity of the 
suiface icsLilts m a supci position of paiticular exchange piocesscs 

1( A//<7» /( (/"t m< ///s WX arc indebted to Professor Dr J A A Ki 1 1 1 aar lor discussions and helpful 
sugge'siions W t also thank Professor Dr J Kisiimcktr and Dr A E i)i Vrifs for their stimulating 
interest Mr I Monti rii kindly pe'ifoimed ihc mass analyse's 

I his ssork is pail ol the rcseareh progiamme of the Slichting voor bundamcnlccl Onderzoek der 
Mate-rie’ (1-oundation lor Eundanicntal Rese-aich on Mattel) and has been made possible by financial 
suppoi I from the Stiehliii” 7 \V O ( Netherlands Organisation for Pure Scicnlilic Research) 
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STUDIES ON PHOSPHORUS SULPHIDES 

K Moedritzfr* and J R Van Wazer 
T he Monsanto Chemical Co , Research and Engineering Division, St Louis, Missouri 

(Received 1 November 1961) 

Abstract — Between S/P mole ratios of 0 75 and 3 50 in the phosphorus-sulphur system, quenching of 
melts gave completely amorphous compositions for S/P ratios of 1 Oand 1 25 (both viscous gums) and 
3 0 and 3 5 (both brittle glasses) "P nuclear-magnetic-rcsonance (n m r ) spectra of the viscous 
liquids (heated suflicicntly to avoid line broadening) show that, for S;P - 1 0, 59 per cent of the total 
phosphorus and, for S/P 1 25, 33 per cent of the total phosphorus is present as the PjS, bird-cage 
molecule On the other hand, viscosity data indicate that macromolecules are present in melts for 
which S/P - ca 18 The rates of dissolution of the various crystalline, amoiphous and partially 
amoiphous phosphorus sulphides in /i-butanol were measured and are interpreted on a per-unit-area 
basis N m r spectra ol the solutions resulting from reaction of the butanol with the phosphorus 
sulphides show the presence of many phosphorus compounds 

Although the crystalline phosphorus sulphides have been well characterized,'^’ the 
amorphous phosphoius sulphides have not been investigated since the early days of 
chemistry The large-volume industrial usage of phosphorus pcntasulphide has 
engendered interest in the amorphous phosphorus sulphides since variations in the 
reactivity of commercial phosphoius pentasulphide have been ascribed not only to 
the presence of several crystalline forms of P4S1,, but also to a variable content of 
several percent of amorphous material In many of the commercial applications of 
phosphorus pentasulphide it is reacted with alcohols, and we have employed nuclear 
magnetic resonance in this paper to explore the products from such reactions 

This paper is the second"’ of several studies carried out in our laboratories 
diiected towards the elucidation of phosphorus-sulphur chemistry 

rXPERIMENTAL DETAILS 

Prejiarulion of chemicoh Phosphorus scsquisulphide, PjSj, tetiaphosphorus heptasulphide, P.S,, 
and phosphorus pentasulphide, P,Sio, were purchased from Fisher Scientihc Company In addition, a 
sample of the slowly reactive grade of phosphorus pentasulphide manufactured by Monsanto was also 
employed Tetraphosphorus pentasulphide, P,Sj, was made according to the literature All of 
ihcsc crystalline phosphorus sulphides were recrystalli/ed from boiling carbon disulphide in a 
soshict extractor under a nitrogen atmosphere with moisture excluded In this process, the crude 
phosphorus sulphide was placed in an extraction thimble and the crystals were formed in the boiling 
flask ol the extractor — overnight in the case of PiS, and after a period of two weeks for the most 
insoluble of the crystalline phosphorus sulphides, P,S; All solvents and other reagents were CP 
;’iade 

The quickly quenched phosphorus sulphides were made by combining lecrystalli/ed P,S, with 
Baker and Adamson precipitated sulphui so as to have the following S, P mole ratios 0 75, 1 00, 1 25, 
I 7 s, 2 50, 3 00 and 3 50 These mixtures were sealed, under a nitrogen atmosphere in 7 mm o d 

* On leave of absence from the Inoigamc Chemicals Division ol Monsanto, July 1961 62 
' L Maier and J R Van Wazer, J Amer Chew Soc 84, 3054 (1962) 

J R \\uWazlr, Phaiphoriis and lt\ Compoutid\, \ol l,pp 289-308 Intersciencc New York, 
(1958) Also see A R Pitochu il and L E Aiji>rihii J Amer Chem Soi 81.4458 (1959) 
R Boulouch, C R Acad 5c/ , Prim 138, 363 (1904), W D Iriadwiil and C Bffli, // e/r 
f him Acta 18, 1161 (1935) 
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silica tubes 10 cm long The lubes were then held in a furnace at 350’ until a clear melt ensued 
Quenching was achieved by diopping them immediately into a wcll-slirred bath ol hnely crushed ice 
and watei Preliminary experiments indicated that the same hnal results were obtained whether the 
melts had been held at 350 lor a long or short period of time In all cases, there was a small amount 
of char on the walls ol the tubes due to organic matei lals present m both I he sulphur and the phosphorus 
sestjuisulphidc In an esploiatory study, an S P latio ol 0 50 (made by mixing PjSj w'lth red P) was 
healed oscr a Hunsen burner to give a single-phase liquid which upon quenching, separated into a 
waxy solid sponlaniouslv II imm ibic in air (while P) and a phosphorus sulphide exhibiting the X-ray 
dilli action pallcin ol PjSj 

Plnsical niciisiiicimnl\ The "P nucicar-magnelic-resonancc (n m i ) studies vseic earned out 
with a Vhuian high-rcsohiiion spectrometer utilizing a V-43] 1 R1 piobe opciating at a Ircqucncy ol 
24 288 Me s I he magnet (opciated at ca 14,100 G) was equipped with the usual superslabilizer, 
tcmp^iatuic comiol, homogeneity shim coils, etc I xeept IcU the butanol solutions which were 
measured in I 5 mm tubes alter par lial exapmalion ol the bulanrri, 5 mm tubes were used to hold the 
samples m the n m i spcstrometei Kelerencing was achieved by dropping a eapillaiy tube containing 
85 pel cent If^PO, into the sample Chemical shilts aie presented m p p m ol the magnetic field, 
using 85 pur cent oi Ihophosphoi le acid as lefcrence, with negative shifts being dovvntield and an 
aeeuiaey ol ea ' 2 p p m 

r he X-ray nieasui emenls were m ide on a Noicleo diHuie tome ter, using eoppei K ^ radiation and a 
nieVvcl filter to get a wave length ol I 5 11 Dui ing the \-iay measurement, the sample was pioleeted 
liom the almosphei e by a 25 mil Mv l.ir him Viscosities ol a numbei of me Its hav mg S/P latios in the 
lange of 1 74 2 75 were measuied in several Monsanto laboialoiies by (I) a Rrookhcld viseomelci 
from w hieh the rot.ilmg spindle was suspended by a long rod and (2) a vapill.u y suetion-viseomelcr ol 
the type used on sulphur The v iseosiiies of the amoi phous material lorvvhiebS/P 1 OOand 1 2i 
were obtained on a I laake Rolovisko fitted with a thcimosiated platc-antl-eone mcasming head 
Considerable dillieulty was experienced in dtlerminmg the viscosity ol the viscid gum for which 
S P 1 25 ThTs was pi iniarily rlue to rapid crystallization ol P|Sj between the plate and cone and to 
reaction with the atmosphere at their edges because of the elevated temperatures employed 

The kinetics of dissolution in n-bulanol was measuied in lest lubes which were ngilaled m a 
thcimostated water bath (25, 39 and 75 ) or in refluxing n-butanol (115 ) by a Buirell wrist-aclion 
shaker The shaking was adjusted in the case of particulate matciial, so that the parlicles were 
continuously swept throtigh the solution and, in the ease ol viscid samples, so as to cause the butanol 
phase to How rapidly over the surface ol the viscid material at the bottom of a special flat-bottomed 
test tube without delorming the iiitcrlaec During these studies, diy nitrogen was led into the test lube 
to sweep out the evolved H.S which was absisrbcd in a sodium acelate-bullcred solution of zinc 
chloride Xftcr addition of iodine to the resulting zinc sulphide, a titration was earned out with 
thiosulphate 

RhSULTS AND CONCI USIONS 

Amorphous phosphorus sulphides 

Since products completely amorphous by X-ray di If fact ion could be obtained by our 
rapid-quenchingproteduie only at S/P mole ratios ol 1 0, 1 25,3 0and3 5, it is apparent 
that the crystalline species PiSj,,,* PjS, and P4S3 crystallize very rapidly from the melt 
Thw amorphous compositions at S/P mole ratios of 3 5 and 3 0 arc brittle glasses, 
whereas those at S/P -- 1 25 and I 00 arc viscid gums at roona temperature The 
viscosities of these latter two compositions are presented m Fig 1 as a function ol 
temperature This figure also presents the available data on S-P melts, including pure 
molten sulphur The phosphorus sulphides having S/P mole ratios in the range 
from 2 0 to 3 0 exhibit maxima m viscosity with changing temperature, as has been 

* In d previous study,'” amorphous PiSj„ was obtained by quenching between eopper chill-plates 

R F Bacon and R Fanllu, J Am Chem Sac 65, 639 (1943) Also see R E Powtcc and 

H Eyrino, ibid 65, 648 (1943) 

W Ricman, J D NtussandB QuanlUatwe Analysis, p 279 McGraw-Hill, New Yor k 

(1942) 
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found wjth pure sulphur These maxima are displaced to higher temperatures and 
lower viscosities with increasing phosphorus content Qualitative evidence indicates 
that there is a regular decrease in the height of the maxima, with a corresponding 
increase in the temperature at which it appears, as the composition ranges from pure 
sulphur to an S/P mole of ca 2 

The most extensive studies on the viscosity of molten phosphorus sulphides have 
been carried out at an S/P ratio 2 5, where it is found that additives which signifi- 
cantly reduce the viscosity of pure sulphur have little effect From an experimental 



viewpoint, the major variations of viscosity with time arc due to preferential loss of 
phosphorus due to vapouri/ation — a process which leads to a pronounced continuing 
rise in viscosity of molten phosphorus pcntasulphide The rate of this rise seems to 
he decelerated by exposure to light 

At all temperatures studied, the fluid phosphorus sulphides appeared to exhibit 
Newtonian flow This probably means that molecular reorgani/ation at temperatures 
in the range of 300 -500" is rapid with respect to thejumps made by molecule segments 
''uimg flow 

N m r studies on warmed samples of the two phosphorus sulphides which were 
l^roduccd as gums at room temperature showed 59 per cent of the total phosphorus 
present as the P^S, molecule in the composition for which S/P I 00. and 33 per 
' "lit as P^Sj in that for which S/P - 1 25 A number of other resonance peaks were 

fi 
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seen in these speeira* but at such low intensities that interpretation m terms of 
inolceulai constitution was irnpiactical 

F I om these data and the findings of pievious woi kers it is seen that amorphous 
phosphoius sulphides undeigo lapid stuictural reorganization at temperatures of 
sescial hundrei-i degiees with this lec'igam/ation mvoKmg (1) long S S chains, (2) S-S 
chains with blanches and ciosshnks ihiough phosphoius atoms, (3) sulphur rings 
,md (4) pliosplioius sulplnde cage-niolec tiles It is t|iialitati\ely apparent that the 
long chains aic present in insigniticanl amounts for S/P ca 1 8 and that the P^S, 
c aee-molec ulc pi edominales at ca 0 6 S/I’ ea 12 

hint'ih s ii) ah MS 

1 he saiKHis piiosphoius sulphide ct'inposituMis, both quenched and recrystalli/cd, 
were reacted vsith n-butanol in amounts equivalent to a one molar soluticsn in ptu's- 
phoitis upon complete dissolution The solids were ground so as to pass through 
a s()-mcsh and beietained upon a 60-mesh screen, .ind the resulting peswder was agitated 
in the bulanol thioughoul the reaction In the ease of the two phosphoius sulphide 
gums (S;P I 00 and I 2's) dissolution was carried esut at a lev'cl-surfaee interlace 
In Older to compare these two situ.itions, a constant late ol dissolution per unit 
aica was assumed foi a given pteparation and temperature A further assumption foi 
the powdeied solids ofequ^il-sized spheres havinga density of 2 1 gem-andan oiiginal 
diameter of 27s /i (scieen cut of 50-60 mesh) led to the following equation for the unit 
I <He of alcohoivtic dissolution -z in g cm - min ' 

7 (2 9 10 -//)(! xMH,/''n)) (I) 

where i is the time in min and u, and n,, are the weights in grammes at time t and 
time z.eio respectively 

The experimental data ate repotted m Table I, from which it can be seen that 
theie IS a gradual decrease in -/ with diminishing S/P ratio It should be noted that 
crjstalhne samples of phosphorus pentasulphide (S/P 2 50) exhibited a five-fold 
difteience in y Moieover. the kinetic data on sample No 2 did not fit equation (1) 
very well, as the value ol v was found to diminish appieciably with increasing / 
Microscopic inspection showed that this carefully sized preparation contained .i 
large amount of agglomerated feathery crystals so that the initial area was estimated 
greater than that of sample No 1 , which consisted of block y crystals with a much smallei 
proportion of agglomerates Because of rapid dissolution of the agglomerated fcatheiy 
crystals at the beginning of a run, the over-all dissolution rate of sample No 2 of 
PjSio decreased with time as measured by y 

From microscopic examination, a very rough estimate could be made of how 

* for S P 1 00 the following n m r resonances m addition to those'-’ corresponding to the 
P,S| molecules were seen 147 p p m (coi responding to ca 5 per cent of the total phosphoru''), 
143 137(6",,), 133(5",,), 128(5“,,). 116(7",,), 66 (4“„), and 61 p p in (5"„) 

f or S P I 25, the following addilional resonances were seen 262 ppm (8'/„), 232 (13",,) 

221(4",,), 181(12",,) 166(3",,). 152(5",,), 142(4",,), 138(3",,), 108 (7" o), and 

58 p p m (8"„) 

H Si'l c kn<, /tyecvi (lui)i 65,290(1053), KoHoul-ji 125,106(1952), Z Anoii; Chant 261,11*' 
(1950), J A Pkins and J Sciiisk, Plasma 6. 216 (1953), J C PniMRr, U S Pat 257720 
(1951), Brit Pat 667893 ( 1952, assigned to Oldbury rieclrochcm Co ) Also see the discussion d 
these papers m Reference 2 



Studies on phosphorus sulphides 


687 


miit-h greater the gross area of a given preparation would be as compared to even-sized 
blocky crystals or fracture fragments By multiplying the value of -j by this area 
factor, the corrected rates shown in the last column of Table I were obtained These 
Loriectcd rates indicate that in all cases, except for S/P I 75, the quenched product 
dissolves more rapidly than the crystals of the same composition 

The biggest difference between the quenched and ciystallme preparations occurs 
at S/P 1 25, where the quenched sample was completely amorphous It should 
be noted that for each S/P ratio wheie the quenched sample exhibited an X-ray 
dillraction pattern, this pattern was quite similar to that of the recrystallizcd sample 
(d the same composition The reversal for S/P I 75 from the usual case in which 


Iaiiif t -Rafis (IF Dissoi iJiioN <11 phosphorus sl i phidi s cpon rfaf i losi with s-iic ianoi * 
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' \ppro\iinately ihc same X-ray diirr.iction palKrn as ibc recrysiallocd sample of ihc same 
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the quenched material is the more reactive probably indicates that there is a pronounced 
dillcience in molecular structure between the amorphous part of the quenched 
'natcrial and the P,S- bird-cage molecule It is interesting to note that this is the com- 
position where the maximum m melt viscosity disappears (see Fig I) Perhaps the 
inioiphous constituent is a three-dimensional network polymer at the gel points 
I prioii. It would be expected that a completely amorphous chemical system 
oould exhibit a monotonic change of properties such as rate of solvolysis with 
oiiiposition However, assuming that the experimental interpretative techniques 
sid here give a valid comparison of powdered glasses with gums, it would appear 
It there is a flat mimmiim in the rate of alcoholytic dissolution of the completely 
’ 'loiphous phosphorus sulphides at an S/P ratio aiound 1 5-2 0 

1 he experiments on the temperature coefficient of alcoholytic dissolution have 
' to the conclusion that the process is essentially temperaluic mdependeni for 
' talhne P^Sj and P.,S., but has an activation energy around 5-10 kcal/mole for 
'^talline P^S. and P^Sjo 



TaBIF 2 -RFACTION PROIUCIS FR(}M AI f DFIOL^SIS or PIIDsl'HdRl s SILPHIDIS IS S 
(1 g dtomii. ttl of P KHKI nil ol butjnol rcdi-lid ai 2' sxsLpt Mln-re no’Ljj 


6S8 


K. MFiiDRir/i R and J R VanWa/ir 



» At 114’ " Possibh (BuO)j(BuS)PS ' Probablv (BuS)jPS ■'(BuO)^PS.H ' PossibK (BuO),P(H)S ' More probablv [(BuOl,PS] 2 S„ for /i > 1 "Probably 
(BuO),PS " Probably (BuSl^PO ' Probably (BuOl^POSH * Possibly (Bu6),P(H)0 ' (BuO),P'0 ‘ [{BuOl.PO].0 
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Products from alcoholysis 

The experimental data obtained on the various recryslalli/ed and quenched 
preparations dissolved m sufhcient n-butanol to gi\e, upon complete dissolution, 
a solution one molar m phosphorus are presented in Table 2 The first two lines 
ol this table describe the phosphorus sulphide starting-materials, and the next line 
gives the amount of H^S evolved during alcoholysis (at 25" except when noted 
at 1 14 ) The fourth and fifth lines in the table describe any precipitate formed, and 
the remainder of the table is devoted to the n m r data obtained on the final solutions 
after concentration by room-temperature evaporation of the butanol When this 
study w'as initiated, it was hoped that, from a measure of the H,S evolved and our 
present knowledge of n m r chemical shifts of phosphoric and thiophosphoric esters 
and acid esters, it would be possible to identify the alcoholysis products However, 
more detailed study of the situation has shown this to be as yet impossible, mainly 
because as many as scventy-foui compounds based on a single phosphorus atom might 
icsult from these reactions and there arc many more possible compounds containing 
more than one phosphorus atom In addition, overlapping of n m r resonance peaks 
IS to be expected 

dhe simplest products result from alcoholysis of the completely amorphous 
compositions T or S/P ratios of 3 50 and 3 00, the sole products from alcoholysis arc a 
colloidal precipitate of sulphur and the alcohol-soluble compound, (C 4 H,, 0 ),PS(SH) 
For the amoiphous compositions exhibiting S/P ratios c>f 1 25 and 1 00. the only 
alcohol-soluble product is the ester (C,H,,0),PO, but there is a considerable amount 
of phosphorus-containing precipitate, amorphous to X-rays and insoluble in common 
solvents 'Ibis is thought to be an infinite-network polymer based on phosphorus, 
sulphur, and oxygen, with some butyl groups at terminal points in the structure 

Although the quenched samples corresponding to S/P 2 50, 1 75 and 0 75 
exhibited X-ray patterns quite similar to those obtained on recrystalli 7 ed P^S^, 
P,S-, and PjSj, respectively, there is a pronounced difference in the products of alco- 
holysis Thus, alcoholysis of rccrystallized P 4 S,„ led to five n m r resonance peaks, 
with ca 60 per cent of the total phosphorus as the molecule (CjH,, 0 ) 2 PS(SH) On the 
other hand, the quenched material of the same over-all composition had ca 90 per 
cent ofthe total phosphorus present as (C,H,jO)jPS(SH), with only one other material 
present in detectable amount For S/P 0 75, the alcohol-soluble products of 
alcoholysis of rccrystallized P,S, showed six n m r peaks of approximately equal 
intensity, whereas, for the quenched material, the only alcohol-soluble product was 
the (CjH.jOljPO It should also be noted that about five times as much amorphous 
precipitate, insoluble in common solvents, was produced from recrystalh/ed 
I’lS, as from the same composition quenched from the melt 

/fiu ussion 

In spite of technical difficulties preventing a thoiough interpretation of the 
iirdmgs, the experiments described herein give a number of dues to the molecular 
constitution of the amorphous phosphorus sulphides 1 he pieseiice ol P 4 S 3 bird- 
age molecules in the quenched gums, the disappearance ol the maximum in melt 
' iscosity, the faster alcoholysis of crystalline PjS^ as comp.ired to the quenched 
‘'■ilcMial, the apparent minimum in the extrapolated rate of alcohol\sis of the com- 
1 '^Icly amoiphous phosphoius sulphides as well as the vaiiation in products of 
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al( oIu)1n ms v\ illi S/P I Jtio aic all consistent witli the idea that increasing incorporation 
of pliospluirus into c|uenched polyineiic sulphur leads first to blanching and cross- 
linking and then to gradual breakdown of the polymeric stiuctures through formation 
ol sin ill bird-cage molecules At elecated temperatuics, this picture is complicated 
b\ lapid reoigani/ation of the molec ular sti uctuies 

\s more iidoimation is gathcied conceining the ”P n m r response ol the vaiious 
phosphoiic and lliiophosphoi ic esters, some ol the findings here wdl be subject to 
fuillHr iiiteipietation 1 his i.oupled with new and dilTcrent expeiimental appioachcs 
will some da\ claiity pliosphoius siilphui chemistry to the extent already achieved 
for pho-'plioi us owLvn shemistiy 

Ic /( W c u I'-ii lii t h ink I M \ii R loi t.ii i y in" out pKlimmaiy siiidits on die piep.ii- 
ation ol am II pilous phc'splioi us ''iilphulcs and then alcoholysis Tlit d ita piesenltd in T i" I on 
molten pheispliouis sulphieles wcie oblaincil by Nt I Smctsks J VV Cross C R Rosik, It H 
L'imik inel VV I 1l(mr W e also \e ish lo aeknow ledge the help ol V M VRS \ h I ii’iwi \n and 
R I Ki I M\N ill oblainin" the n m r data on ahieh the tentative assignments ot Table 2 were based 
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INVESTIGATION OF THE CHEMISTRY 
OF PENTAVALENT NEPTUNIUM 

Yu A Zoi oiov and 1 P Ai imakin 

V I Vt-rnadsky Inslilutc (^( Gcoi-he.iiislry and Analytical ( hcniiclry. 

Academy ol Sciences ol the USSR Mosenu L SSR 

( Reel /I c i/ 4 Soi i iiihi’i 1 962 ) 

\bstract I he lormalion of complex compounds of Np(V') m solutions of osalic, tartaiic, citric and 
cthylcncdiammetctr<iacctic acids has been inscsiigatcd by an ion eschantje procedure Several 
complexes have been shown to exist and their composuiem and stability constants determined A 
L|ualitativc spcctrophotomcti ic study has shown Np(V) loi ms complcscs with some other substances 
1 he ability ol the NpOj ion to levtin complexes appears te) exceed that expected for a large singly 
chatged cation 1 ho extiaelion ol Np(V) chelates vsith theiiciy llrifluoroaceione, aeelyUecleine, 
i-mtroso-2-naphtheil, euplerion md X-hydroxye^timohne has been studied Chelates ol Np(V) with 
I I A and l-mtioso-2-naphthol have been shown to be readily extracted at pH 7-10 by solutions ol 
the reagents in active oxygeii-eontaining solvents, espeetally m n-butyl and other a'eohols The 
naluie of the solvent maikedly alfeets the extiaelion 1 he properties ol NpO. have been compared 
with those ol the ions of t'ther pentavaleiit actinides and an ana'ogy between Npl V) and Am(V) and 
between l'(V) and Pu(V) noted 

liii pcntdvdlcnt slate of ncptuimini is ehe'mieally the' most imere'sting Neptunium 
(V) Is more stable, not only tlian other \alciKC states of neptuimiin but than all other 
pcntavalent aetinieles of the series L' Am The Np(X ion has no well known ana- 
logues in the periodic system and is etlectnely umi^ue though in some respects 
similar to the doubly charged ions of the hexavalent actinides We have inxestigated 
the chemical properties of pcntav.ilent ncpUinuim by means of its isotope -■^''Np In 
some cases use was made of the long li\cd -’’Np 

I his paper briclly reports on the le'siilts of our investigations some of which are 
published in detail in the Russian literature 

IHt I'ORMATION Ol N'p(V) C'OMPMXtS IN XQl'lOLS SOLUTIONS 

The pentavalent actinides of the senes U Am, forming in acpieous solutions ions 
Mieh as McO, ' , have among all the valence states ol these elements the least tendenev 
lo complex formation It does not seem however to be as weak as would be expected 
for large singly charged cations We have investigated the coordination of NpO_, 
'ilh oxalic, tartaric, citric and cthylencdiaminetctraacctic acids by means of an ion 
' vch.mge procedure 

' "I I mu nut! 

Nepumium (V) solulion has be'eii piepaied by (lealmeiil of an elhci evuaei eontaimng ueplumum 
I ) v\ ith eolel 0 t M hydr,i/inc niti,ile xolulioii m iiiliiv acid T heii iK]viuiiium ( V ) h,is be'e'n e'xlraetcd 
l-ni|ioso-2-n.Tphlhi)lalc al pH 9 and slopped will) t M peieliloiie acid so'ution 
Hie disiribution ol traces ol Npt\) was siiidicd undei static conditions between a solution m 
o M NH|Cl(),and the cation eve li. urge i l'Vi-2 1 similar m piopciiiesto Vlowex-Sfh m the' ammonium 
o'l both 111 the presemec ol the eoordiniling substance anil without it Lae ionic stieiigth was 
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maintained mnslant b)' means ol NH,CI(), HCIO, and NH,OH. the temperature was 20 + 2" 

I he solutions weie shaken v\ilh the cation exehantjer during 4-h hours and the equilibrium pH 
determined \\ ilh a glass eleeliode I he eonecnt! ition of -’’’Np v\as evaluated by conventional radio- 
mtliie pioeediiies The data obtained vveie mainlv treated by Shubert's methcid 

Rcsiills 

In oxalate solutions of Np(V) .tt pH 2 5 the co-orclination compounds 
NpO^HC.Oj, NpOjCjO, and NpO_,(C^O|)^* arc formed, their stabihty constants 
being 5 0 It)-, 1 I 10' and 2 3 10", respectively The two latter compounds 

had been previously repoited by Gultn and Kai/"’ In tartrate solutions at pH 
3 2 6 2 tliccomplcxes NpOjH Tai I, NpO^Tait , NpO^ 1 art,' and, presumably, NpO^ 
Tartp are foimed tlicir siabilitv eonstants being 2 3 lO', 2 I 10-, 2 0 ' 10'* 
and 1 5 10'', respeetivelv With citric acid at pH 4 3 5 2 the compounds NpO, Cit^ ' 

and NpO^H Cit arc formed with stability constants 4 7 10* and 4 9 10’, respec- 

tively In solutions of fDTA at pH 5 3-5 6 NpO^Y*" is formed whtvse stability 
constant 4 9 10'* is close to the value obtained by Gilman and Miiodvlva'^* 

More detailed data are given in papers'-*-') published in collaboration with Moskvin 
and Marov 

Misiellaiieous data an ( a-oidiiialioti 

The changes in the absorption spectrum of pentavalent ’'’"Np allow one to con- 
clude that the NpO_, ion co-ordinates with trioxyglutaric, salicylic, 2,3-dio\yter- 
phlhahc. acetic, and phlhaiic acids, as shown by the spectra of Np(V) in citric acid 
solutions 111 I'lg I The ionic strength changes very little with pH changes (the 
concentration of the complexing agent was constant) Other spectra are given m 
paper 



A , ny( 

TKj 1 — Absorption spectrum of aqueous solution of Np(V) in the presence of citric 
acid 1 pH 0 9. 2-pH3 5, 3 pH 5 1 , 4— pH 5 7, 5 pH 6 1 

D M Grufn and J J Kai/, 2 Amer Cheni Soc 74, 2103 (1952) 

A D OcLMAN and M P Mffoojfva, 79o2/ Akacl Nauk 124, 815 (1959) 

""Yu A ZoLOiov, 1 N Marov and A I Moskvin Zh Neoti^ Af/nmi/ 6, 1055 (1961) 

A I Moskvin,! N Marov and Yu A Zolotov, Z/i Ncois^ 6, 1813 (1961) 

Yu A ZoioiovandYu P Novikov, Z/i Neorji; /f/urwi/ 4, 1 693 ( 1 959) 
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Discussion 

The data obtained show that neptunium (V) has a rather strong tendency to form 
co-ordmation eompounds The comparison of the stability constants of the Np02^ 
complexes with tliose of other elements having an identical number of the same 
ligands"'’ leads to the conclusion that the constants for NpO,,^ are near to the corre- 
sponding constant, for doubly charged cations, such as Mg’^', Ca^’, Co^^, Ni’^% as 
illustrated by the data for the oxalate complexes Tf one neglects the effect of the 
structure of the electron shells and considers the ionic potentials as a measure of the 
ability of ions to coordinate then, bearing in mind the above analogy with doubly 
charged cations, it is possible to estimate the effective ionic potential of NpO., , as 
about 2 1, which is a rather high value for a singly charged ion This seems to follow 
because of the symmetric and linear structure of the ion and the nature of the Np O 
bond, which causes such a redistribution of the ionic charge as to lead to the central 
atom acquiring a higher positive charge and the oxygen atoms some negative charge 

EXTRACTION OT CIITLATE COMPOUNDS OE 
PENfAVALENT NEIPTLINIIJM 

There seem to be no data in the literature on the extraction of pentavalent actinides 
except for the atypical protactinium Kooi"” while studying the extraction of neptu- 
nium from nitric solutions came to the conclusion that Np(V) can be extracted m 
traces, say, by methyl-iso-butyl ketone at a conccntiation of HNOj higher than 5 M 
However, under these conditions Np{V) disproportionates extensively to give Np(lV) 
and Np(Vl) that are readily extracted by oxygcn-containing solvents 

One could however have expected NpO>' to form chelates with suitable reagents, 
that would be extracted by organic solvents On the basis of the pH data for the 
hydrolysis of the ion and its interaction with organic acids it would be expected that 
the extraction of chelates of neptunium (V) would proceed at higher pH than six 
We have investigated the extraction of the Np(V) compounds of thenoyltrifluoro- 
acetonc, acetylacetone, l-nitroso-2-naphthol, 8-hydroxyquinolme, cupferron, etc 
It has been shown that some chelates arc well extracted at a sulTiciently high pH vi'the 
aqueous solution (a pH of 7 10) The nature of the so'vcnt used appears to be very 
important 

IJicno\ III ifiuoioacetonalc 

Alcohols, such as n-butyl, isoamyl, and hexyl alcohols readily extract the TTA 
vomplex at a pH of 7-9 (F-ig 2) Quantitative extraction by, say, isobutyl alcohol is 
elfceted after three consccutixe extiactions Ketones such as cyclohexanone and 
mcthylethylketone also extract the neptunium complex but less readily than do 
alcohols Esters such as cthylacctate and amylacctate extract neptunium almost as 
well as ketones Ethers such as diisopropyl ether, halogeno derivatives of hydro- 

"Y BjrRRLiM.Ct Sc nwAR/iNiiA( 11 and I <i Siliin St.ibililv C'oiwl in.s of Mvtal-ion Complcxc'- 
wilh Solubility Piodutls of Inoig.iiiic Subsi.inccs Part 1 OigaiiiL ligands L 19S7 Pan 
11, Inorganic Ligands, L , 1958 

'R I CoNNlCkandZ Z Huous J Una (hint Soc 74,6012 ( 1952 ) 

'"'J Kixji liacei Lspenmenn on the Sohint l.Mimtion of \fplmtiiiiu ami Plulonium \msterdam, 

(1956) 
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tarbiMis (I 2-diLhl()roclhane CUCI,, CCI,) and hydrocarbon', (benzene, heptane) 
fail to LVti.iLt the ncpluniuni Such an impoitant ellect ol the nature of the solvent 
on tlic extraction ol -'’''Np allows one to si^pai.ite Np(V) from other elements, whose 
complexes with IT\ arc cxtiacted bx ben/enc at the same pH's (eg fiom 
laiuhanules) 

I he theoretical aspect of the eltcct of the natiiie of the solvent on the extraction o( 
chelates is clisi. Lissccl elsewlteie ''' 



Till 2 — DcpcrKlciKe ot the pcuciitagc ol i.xlraction of ncptLiniuni (V) ihcnoyltri- 
fluoroacclon.ilc on the nature of the soKcnl 
I isobutv 1 aleoliol 2 cvclohcxanon, t till) laLc'talc . 
t nKlIivlclIivIkelonc 5 ini)lacciale 


l-i\ ltK)S<)-2-liaplll/l(i/(ltL' 

Butyl and isoaniyl alcohols extract Np(V) nitroso-naphtholate at a pH of 8 II 
Other solvents such as mctiiylethylketone amylacctate, chloroform and especially 
diethyl ether and ben/enc extract this neptunium complex less readily The exit action 
by alcohols is suppressed by large amounts of fluorides, phosphates carbonates, 
oxalates and citrates and especially by ethylencdiammetelracetic acid In small 
amounts flouridcs, carbonates and hydrogen peroxide do not markedly affect the 
extraction whereas sulphates chlorides and nitrates are w ithout any cHect txti action 
of the nitrosonaphtholate followed by back-extraction can be used to produce 
solutions of “*'’Np(V) free from redox agents or other impurities 

Mi'iicllancou'i chelates 

The 8-hydroxyquinohnate and particularly the acctylacctonate are extracted 
somewhat less readily The cupferronate extraction curve shows a minimum as 
described elsewhere The dependence of the extraction on the nature of the solvent 
IS rathci similar to that of the complex with TTA 

Yc A ZoLoiov and I P Alimarin Ook! Akad Kauk SSSK 136, 60t (1961) 

(Id) Yii \ Zoioiov and I P Aiimakin Radiokhimisa 4, 272 

""I P Ai iWARiN Yc A Zoioiovandf S Palsiiin Radioklii/nna 2, Ml (\9U)) 

"■‘’I P Alimarin, Yu A ZoLorov'andfc S Pai shin Pok/ Akad Sank 124 , 428 ( 1 959) 

I P Alimarin, O M Pi trlkhin and Yu A Zoloiov Z/i Analyt A/i//n/; 17, 544 (1962) 
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NON-MONOTONOUS CHANOf OF IONIC PROPFRTHS IN 
1 H I SERIFS UO,' AniO^ 

There are sufireient data to indicate a regular change in chemical properties of ions 
of the tn, tetia and, to some extent, hcxavalent actinides with increasing atomic 
number of the element This can be understood by assuming the elements of the 
senes have 5 /-electrons and allowing for the ionic contraction On the other hand, it 
IS known that pentavalent neptunium differs substantially from pentavalcnt uranium 
and plutonium m being very stable in aqueous solutions, thus no smooth change of 
stability occurs m the senes UOj'-NpO^ PuO, This phenomenon has not been 
accounted for though, as noted by Kai/ and Siabokc/*^’, and McKay*'"*, the 
question of the stability of pentavalent neptunium is one of the most interesting m the 
chemistry of the actinides It seemed therefore pertinent to carry out a more detailed 
comparison of the chemical properties and physical-chemical characteristics of the 
ions m the senes DO, AmO, 

The (ompanwii of ionic properlici 

We have compared the electrode potentials, the entropy, the constants of the 
disproportionation reactions and the data on disproportionation kinetics, the tendency 
to hydrolysis as vsell as some other characteristics This comparison has led us to the 
conclusion that some properties of thin ions experience a non-monotonous change 
with increasing atomic number of the element One can see a marked analogs 
between the ions of pentavalent uranium and plutonium on the one hand, and those of 
pentavalent neptunium and ameiicium on the other This can. for instance be 
illustrated by the data on the diflerencc Af, between the potentials of the pairs V-VI 
and VI- V that characterise the tendency to disproportionation (Table 1) or by the 
chita on ionic entropies (fig 3) 


T\hi I 1 — Foil sTiAis For nil < oui’i is Me (VI/Mc (\'l) \ni> Me (lV)/\1e (V), 
and IMF niFFIRIMl IN -M f\,\I-f|\,\ K'R IlIMIsrS OF 1 HF SFRirS 
I RAMUM- SMI RIC Il M 


tement 

/-\/M.v 

U 

0 061 

Np 

1 137 

Pu 

0 9! 3 

Ain 

t 60 


/-i\,\,v 

A/Tv 

0 58 

0 52 

0 739 

0 398 

1 172 

- 0 259 

1 04 

0 56 


T>i\( msioii 

fhe interpretation of these data is invoKcd and rcquiies special consideration 
I he following should, apparently, be taken into account 

(I) whether the atomic number of the element and the total number of clectrcms 
in the ion is even or odd , 

' I Kai/ and G T Siahor-, llie CIuiiiiUi \ of ihc ti ii/in/f F/< iii.vus, W liev New York 
(I )S7) 

II A C M( Kay hulioii C/imi 3.1, 297 (1957) 
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f i(. "i — Chaiiuii in the enliopy ot actinide ions depending on the atomic luinibcr of 

llic element 


I MeO, , 2 Me' , f Me' 


(2) how many 5 /-eleelrons aic available m the central atom, 

(3) whether 5 /-electrons can participate in the formation of a covalent metal- 
oxygen bond and if the degree of covalency is afl'ected by changing the charge 
on the nucleus and the number of 5 /-electrons, 

(4) what IS the distribution of the ionic charge which can lead to an increased 
formal charge on the central atom 

(5) whether this charge can be changed by the degree of covalency of the metal- 
oxygen bond 

The dirferencc in the chemical properties of the pcntavalent actinide ions can be of 
practical value In particular, it may be used to separate elements even when these 
ions have no stable coexistance in solution This has been exemplified by the work of 
SAMARisrvA'”’’, who showed that during electrolysis neptunium separates more 
c|uickly than plutonium and uranium owing to the stability of its pentavalent state 

This non-monotonous change in properties of the ions of pcntavalent actinides 
has been considered further elsewhere 

4£A/wh - We are grateful to Cl A Vorobji.va, Yu P Novikov, I N Marov and A I 
Moskvin (or their collaboration m some parts of the investigation 

'"■'A C) SAMARisrvA Isolopi I ishilshenya V Khimii Moscow, 1958, p 318 

\ o A Zoioiov Radiokhimna 1, 192 (1960) 
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A STUDY OF SORPTION ON ZIRCONYL PHOSPHATE 
AND CHANGES OF ITS PROPERTIES AT HIGHER 

TEMPERATURES 

V VFsn Y and V Pfkarfk 
I he Niielear Research The Institute of Czechoslovak 
Academy of Sciences, Rez near Prague, Czechoslovakia 

( Rcivncd 22 May 1962, in i cl iwclfoim 19 Noieniher 1962) 


Abstract - A method of chromatographic separation of zirconium from phosphate anion on an 
anion exchanger was dcxclopcd lor the analysis of zirconyl phosphate The ratios P/Zr in zirconyl 
phosphates prepaied under dilforcnt conditions erf precipitation were determined The sorption of 
some I to 4 valent cations was invcstig.itcd on different types of zirconyl phosphates heated to various 
temperatures Ry measuring the infra-red absorption spectra, the condensation of acid phosphate 
groups was demonstrated 

In RK FNr years an increased tnteiest in inorganic ion exchangers has appeared The 
disadvantages of present types of organic ion exchangers as for example the loss of 
mechanical and ion exchanging properties at higher temperatures, radiation in- 
stability at higher levels of ionizing ladiation and chemical destruction m strong 
oxidizing agents were the reason for the development of inorganic ion exchangers 
I specially useful are the salts of polybasic acids (phosphoric acid, tungstic acid etc ) 
with polyvalent cations (Fe, Bi, Ti, Zr, Th etc), which form polymer hydroxides 
Due to the selective sorption properties, chemical stability in acids, radiation, mechani- 
cal and thermal stability and relatively high exchanging capacity, zirconyl phosphate 
became the main object of inteicst 

fhe application of ziiconyl phosphate (denoted as ZiP) as a selective sorbent was 
known as early in the year I943,*h“> and a number of fundamental papers*'*' were 
published aftei 1956 Considerable attention was given to the study of the sorption 
of scveial elements on ZrP in static as well as dynamic conditions and to the study of 
the separation of alkaline elements, especially that csf cesium *■‘.'*.**>*1 is) 

”1 R Rosmi a W Adamson J ScnuBrRTandO E Bovo.USAFC Report CN-508 (1943) 

' ' R H Biaion, V R OxtPtR, B A Frus, T J CHAPrLcr, I Sc-heff, R A Siocohion and F H 
Ilrk, U S A L C Report CN-633 (1943) 

"C B Amphlui.L a McOonaid, j M Rldman, r/tpm and Imliisti 1315 (1956) 

“ K A Kraus and H O PiiiLiiPs.y Amcr Cluni Sol 78,694 (1956) 

' Anon , C //('/fi /.ngHg Aeti i 34, 4760 (1956) 

' ' C B Amphi f 1 \ . Pioieedin^s of iheSciond Liniud Nations International Confcienci on the Pcaccftd 
I’sLS of Atomic Lncii^y, Gcneca, Vol 28, p 17 United Nations (1958) 

' t B Amphlui.L A Me Donald and M J Rioman J Inoiy Ninl Chun 6,220(1958) 

I J Gal and O S GaI Pton’ediiv^s of the Second United Nations liitei .lalional Confcicnii on the 
Piaiefid Uses of Aloinu Lnei i;) , Geiiei a 1958 Vol 28 p 24 United Nations (19S8) 

“ C B Ampiili n (hem and liidiisli 292(1959) 

(i H Nanc OLLAS and R Pah rxon. / Z/io/g^ Niicl Chem 22, 259 (196!) 

C B Amphliii.E a MtOoNAiD, j S Borolss and J C Maynard J Inois^ Niid (hem 10, 
69 (1959) 

f V HiAiv and B L Daviis ALRC-M/451 (1959) 
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Reports of a very ad\antageous scpaiation processes for the separation of pluto- 
nium ft oni fission pi od nets tin Zi P^‘ on zircon mm pyi ophosphate’-" and zirconium 

phosphosilicatc*-- liavc been published The separation of two to four valent 
elements on a paper impiegnated by ZrP was described recently 

Data coneci nmg the structuic of the molecule of ZrP and the exchange mechanism 
aie veiv laie and \icld imly cjiiahtativc ci>ncliisions <'7 ji. jhi [Jlikoiv,, d incn- 
tioncd m then pap^i civstallme stiuctuies of dehvdratcd ziiconium phosphates The 
papers of Siua it ct a ! and Hxini r'*” deal with the mfiarcd absorption spectiiim 
td a cubic /i Pj( )- 

I3uc tt' the fact that only a levs aiithois have described the analysis of ZrP*'” m 
more detail the piesciit work gives an ion cxch.inge method foi the separation of 
znconium fiom phosphate anion m Zi P The composition of piepaied samples v/as 
compaicd with the lesults published by livi iSLi cl t;/*''' The changes occurring on 
heating ZiP to various temperatuies were observed by measuring the infiaied speetia 
of vaiioLis types of ZrP kiom the mfia-red spectra obtained and from sorption 
characteristics lor different cations the stiuctiiral changes, which occuiied dining the 
heating of soihcnt were evpi. lined Systematic compaiison of sorption changes foi a 
niimbei of one to four \alent cations on ZiP heated to vaiioiis tempeiatiiies is dis- 
cussed along with the lesiilts of Alulrii ci r// and e]iialitati\e conclusions are 
deduced foi the sorption mechanism 


t XPfRlMhNl AL 


/rl' sample pi < pai anon 

Two huiidrc'd and fotly grammes of ZrOCI. SHjO were dissoKcd m SSO ml ol distilled water and 
prccipiiaied by miviiig wah 550 ml of H,P 0 ,(Na,P 04 ), at a coiiccnlraiion corresponding lo Ihe 
desired ratio of I’/Zr at 60 C The precipitate was washed by water until negative reactions were 
obtained for zirconium and phosphates in the supernatant lit|iiid, dried at 40 C .ind sieved to 1 25-1 15 
mesh Samples of ZrP preeipitaied from 6 N HCI were prepared according to Bah si i 

"‘T, M LARSiNdndD R Visslrs, / Pins Clicm 64,1732(1960) 

"" t Mraz.Z tleUnnlum 63,288(1959) 

L Bai istf and D Hnvs, 7 /atag A/«/ Chem 21, 133(|s>6l) 

K A Kraus, II () Phillips, T A Cakison and J S Johnson Phhci climb's of the Second 
Unilcd Nations Inlet national C onfcience on the Peaceful Usei of Atoiiiic Lneip] Oenera, Vol 28 
p 3 United Nations ( 1958) 

"■'Cl Alulrii and A Contl, 7 Cliroirialot^iap/iv 5 , 244 (\^)(>\) 

iiB) j Prosplrt and T Kimnoai. C 7? Acad Set Par o 254, 860 ( 1 962) 

iiai Y ^ Zlobin, Radiokluimja 4, 54 (1962) 

E R Russlll, A W Adamson, J S< mublri and G E Boyd, US Pat 2 859 093 (1958) 

'“'>R W StoucatTON, US Pat 2 970 035 (1961) 

Brit Pat 852 501 (I960) 
oil [) JsJaumann Zeit Chem 1,247 (1961) 

G AtBFRriandG Grassini, 7 C//ra/«a’rogrry77(i 4, 83 ( I960) 

J M Plixoto Cabral, y Chi omalo^rapln 4, (i9(i0) 

oo) p pj Walton, Annual Renew of Physical Chemtslrv 10, 125 (1959) 

L Baetslf and J Pflsmafkfrs, / /aorg Nud Chem 21, 124 (1961) 

J Bru , Bh// Soc Chim /'ranee 1 140 < I960) 

A Burdfsf and M L Bori fra, Am de la Accademia delle Scienze di I anno 94, 1 (1959) 
laoi E StfcjFR and G Lenkroth, Z Anorp; Chem 303,169(1960) 

S Z Haidfr, 4na/ Chm 4 c/a 24, 250 (1961) 

IS 2 I p Hjjrst, Doctoral Thesis, University of Wisconsin (1956) 
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Till anon curve': 

Titration curves of prepared samples of Zrl* were determined m a usual v-ay 0 5 i; of ZrP 
was et|uilibrated with 75 ml of solution containing sodium chloride and sodium hydroside at the total 
Loneentration of sodium ions ot 0 1 N After reaching cquilibtiuni (seven days) the pH ot the 
a(.|tieous phase was measured 

/ ifiii/ihi non e\/>ci inic n/', 

bitty mg of sorbent vsas always weighed into 25 ml polythene bottles and 5 ml ol the solution ol 
the desired cation was added All solutions were 0 I N in mine acid and the initial cation eoneentra- 
lion was in the hrsl set of esperiments 1 0 10 * N, m the second set ot experiments 5 5 10 N 

7hc mixtuie was shaken foi three days at reiom tempeialure (20 C) and then centrifuged and the 
e'i|uilibrieim concentration of the cation in question in the ae|ueous phase was measured 

DistiibtilioncoelTieientswereealetilatedas((meqg ')/(iiieqml ')) Tor the soi bents heated io260 C 
and ItKX) C the dislnhulion eoeflieicnts were ealeulated allei eorreeting tor the weight loss during 
heating 

The slock seilution ol Pu'''’ lor equilibrium experiments was prepared bv liiming plutonium 
nitiate twice with eoneeniiated fPSO, and then stabili/etl by 0 04 N NaNO 

l/io/l tical inc'llioih 

Hie cinc7l\‘'i'i of ZrP The contents ol /iretmium and phosphate in the prepared samples ol ZrP 
were determined either directly by a gnivinietric method, or giavimetrieally alter sepaialiem ot 
/ireonium Irom phosphate anion on the anum exchanger 

bor the grav imclrie determination of ziieoniuin 0 2 g o) ZrP w as dissolved in 20 ii'i ot a saturated 
solution eil oxalic acid and alter dilution by distilled water to 15()-200 mt /iicotiium was determined 
using etipferron ' The presence of oxalic acid does not influeiiee the eonipleieness ot the preeipila- 
iioii I he average error m the determination was 0 5 per cent Alter dceomposiiion of ZrP by 
oxalic acid it is not possible to determine phosphorus either bv the phospho-molybdaie method or bv 
pieeipitation ol magnesium ammonium phevsphate Also repeated alkaline melting of ZrP with 
sodium carbonate and potassium pyrosulphaie gave low results by 5 5 pet cent in the average There- 
I Ole the lollowing prosed me vv<is chosen 0 I “0 15 g of ZrP was dissolved in a Pt crucible by warming 
with 1 2 ml ol 40 pel cent hydrolluoi le acid and alter dilution to 100 ml by distilled water phosphate 
w ispieeipilatedbymolybdale " ' ITue to the fact that the fluoi ide anions present could not be masked 
bv bone aeiel, because its presence causes pieeipitation e'l ZiP tie precipitation was earned 
out by lowering the eoneeittration ol fluoride anions ii> a minimum Alter the first precipitation 
the precipitate was left standing for 18 hi and the pieeipiiatkin was repeated three times The 
laeloi (001651) was verified by litiation" ' The aveiage deviation of a determinatiem was 
1 0 per cent 

I or the sepaiation ol /iieomum from phosphate anion 0 1 0 2 g ol ZrP was dissolved in 50 ml 
ol saluraieel oxalic acid and the solution was passed thmugh the column filled with anion exchanger 
I Oowex- 1), at the flow rate 0 95 ml cm - niin ' Dowex-I in the hydroxyl lorm was transforn.ed into 
file oxalate form by adelini; a saiuiated solution ol oxalic at id and washing with distilled water 
\llei soibmg the elissolxed Zi P the column was washed with a satutated solution of oxalic acid 
iw ishing with water may cause low results because of the pieeipitation ol ZrP in ihe column) and 
iieonium was eluted by I 50 200 ml ol 4 6 N HC I at a flow latc ol 0 95 ml cm min ' The solution 
w IS acidified with 40 ml of sulphuiie acid (I I) and /iieonium eletermme'd by e upfei ion' preeipiia- 
‘ "11 Phosphoius was determined in the solution after washing with oxalic acid The solution was 
aporated to dryness 2 3 times with nitric acid to decompose the oxalate lems piesent The drv 
"due was dissolved in 1 0 ml ol eoneenttated nitric acid and alter adjusting the \ olume to 100 I 5() ml 
losphorus was determined as phosphoinolybdate "" Alter lepe.ited separation processes the 
‘ "liHir ol the ion exchanger daikens without the separating qualities being illeeted 

I Toi'Pand K W Pippir J Clniii Soc 5299(1949) 

^ litiK and J Koia laikoia anah'ci a ilcklioanalwa \ ol 2 p (11 1 eehnicko-vedecke 

iiakladatelstv i, Prague (1951) 

W I Hli tMiRANt)^ and Cl 1 f 1 i m>i 1 1 tf>/>liecl liioi'^'unic tiiahu' p 560 J W ilev New 
5 oik (1948) 
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Tht (.hlondc Lontcnl of /rP was determined in the following way 0 4 g of ZrP 
was dissolved in 10 ml o1 ammonium lUioride solution (10 g/lOO ml) by beating After dilution 
to 150 ml I 5 ml ol 0 1 N HCl was added and then the solution was titrated potentiometrically 
with 0 01 N AgNO, Under these eonditions the fluoride aniems do not intluenee the deter- 
mination It w.is neeessaiy to add 0 1 N HCl beeause ol the small ehleindc eonteiit in the ZrP 
samples 

I he iiiia/iws of c \.ch(in'^'(alth lalioiis SeHlium and potassium were determined by the flame 
photometry methoil cesium was determined by '•‘‘Cs labelling strontium was determined in 
conecnlrations 10 ’ N by titration with ED'IA (disoditim salt) with melhylthymol blue'-’"’ as 
indieaioi at lower eoneeiUrations by “"Sr labelling uninium was determined at concentrations 
10 -N speetrophotometi leally by the peroxide method at 350 m/i,'-'"' at lower concentrations by 
Arsena/o 111 method at 650 mn /ireonium was determined speelrophotomclrieally in the sorption 
experiments by xylenol orange at 535 m/i,""’ at concentrations 10 ^ N by Arsenazo 111 at 615 m/i 
ecrium(lll) was determined at eoiieentrations 10 - N by titration with EDI A (disodium salt) 
with brompyrognllol rcil'"’ as mdieatoi at lower eemccnl rations by ‘"Ce labelling *'‘Ce was used 
in the tnsalent form prepaicd according to refee Iion(lll) was dclermined at concentrations 
10 - N b) lodomeiric titration,"" at lower concentrations spectropholomelrieally by Arsenazo HI 
at 615 m/' bismuth(lll) was determined by titration with EDTA (disodium salt) with pyrokatechm 
violet as indicator "" nitrosylrulhcnium(lll) was determined peMarographieally in 0 5 N HClOi "" 
Ihorium(lV) was determined at concentrations 10 “N by titration with EDTA (disodium salt) 
with pyrocateehin violet as indieatcir,' at litwer concentrations spectrophotometneally by Arsena/o 
111 at 665 mil Plutomum(IV) was determined at concentrations 10 N by titration with f-DTA 
(disodium salt) w ith Arsenazo I as indicator,"'’ at lowerconcentrations radiomctrieally by measuring 
the a-iadiation ol -'"Pu 

Mcasin cniciUs of injia-ied ahsoiplum \peilra 

Samples lor measurements of inira-rcd spectra ol ZrP were prepared by the standard KBr-pellet 
technique One to twe> mg ot the substance vsas ground with 1 g ol potassium bromide, 3()0 mg 
of the mixture was then pressed (15 ton/ein-) into a pellet Measiiicmcnts were earned out in 
comparison with the KBr blank pellet 

JnsHiimenls and reai^enl^ med 

The pH of the solutions w.is measured with pH-metcr PI IM 22 made by Radionietcr-Copenhagen 
Flame-photometric measurements were carried out on a flame photometer produced by Karl Zeiss 
in Jena, with Na 5y and K 77lilters Spcctrophotometric measurements were carried out on Universal 
spectrophotometer made by Karl Zeiss, Jena Inlra-red absorption speetia were measured on inlr.i- 
red spectrophotometer UR 10, made by Karl Zeiss, Jena For radiometric measurements of z- 
cmitters the scintillation gauge rjU-ZnS/Ag/(USSR) with decade scaler was used in the usual manner 
For the measurements erf /(-’/-emitters the apparatus SC-4 (USSR) was used 
All reagents used were of analytical grade 

OHIO ToMichK, Od/iifi na ana/isa Ceskoslovenska spoiccnost ehcmieka, p 294 Prague (1949) 

J Korbi and R PftiBVL, Cheni fisty 51, 1061 (1957) 
i3») (y j RoooiN, Analylttal Chettiisti) of the Manhaltan Piojint , p 94 McGraw-Hill, New York 
(1950) 

S V Savvin. DoU Akad Nauk USSR 127, 1231 (1959) 

K E CtitNC., Ta/ania 2, 6] (1959) 

""A JfNirKovA, V SuK and M Malat, Colleilion Czedioif Cheni Coinnnirn 21, 1257 (1956) 

(12) V V Fomin, P E Kartij5ova and T J RuofNKo, Z/i neoiif Khini 3,2117 (1958) 

"“’A JiLLK, Odm^ina anah^a,'Vo\ 2, p 291, Tcchnicko-vedccke vydavatelstvf, Prague (1951) 

M Malax, V SuK and O Ryha, C o/leclion Czechosloi C'hem Cammuns 19,258 (1954) 

D M A<^H\.KOVA, Symposium on Co-ordination C ompounds Prague (I960) 

V Suk, M Malax and O Ryua. Colleilion Czechoslov Chem Communs 19,679 (1954) 
imp jq Palej and C? AN Ven-Cin, ZA«r Anal khim 15, 598 (1960) 

US) M M SxiMSON, / Amer Chem Soc 74, 1805 (1952) 
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Separation of zirconium from phosphate anion on an anion exchanger 

For the complete separation of phosphate anton from /irconium the separation on 
anion exchangers is a very appropriate method Korkisch et al describe the 
separation of zirconium from phosphate anion on strongly basic anion exchangers 
from 0 1 N HiS04 and NaF (0 1 g/ml) Due to the fact that the break-through 
capacity in this method is relatively low, an ion exchange separation from oxalate 
medium was developed, where the break-through capacity is in comparable conditions 
17 times greater so that it is possible to determine single components after separation 
by gravimetric methods The separation of zirconium from phosphate anions is 
quantitative and the oxalate complex of zirconium is hxed very firmly on theexchanger, 
so that it IS possible to carry out the sorption at a relatively faster flow-rate and for its 
complete elution 4-6 N HCl is found to be the most appropriate The mixture of 
6 N HCl and 0 5 N NH4F docs not influence substantially the desorption rate 

The results of zirconium and phosphorus analysis after the separation has been 
carried out arc indicated in Table 1 The results verify the completeness of the 
separation and practically total desorption of zirconium, their deviations are caused 
by eriors in the gravimetric analysis 


Tadlf 1 RlSOnSOFSOMl oi 1 frminations 
(IF ZimOML'M AND PIIOSIMK^RLS AFTIR 
SIPARAllON ON ANION IXCHANGIR 


Zirconium 

Fhosph 

orus 

Sorbed 

r ound 

Sorbed 

Found 

(mg) 

(mg) 

(mg) 

(mg) 

44 2 

44 6 

22 2 

21 2 

444 

440 

22 3 

23 6 

36 3 

36 3 

22 ^ 

22 7 

35 8 

34 7 

22 5 

22 6 

35 5 

36 7 

22 4 

21 8 

35 4 

S6 0 

22 2 

22 8 

34 8 

S4 7 

21 9 

21 8 


Dowcx 1-X8 (Ca),- ), 20 so mesh, eolumn 
dimensions 1 5 cm 0 97 cm- 


PjZr ratios in various prepared ZiP samples 

The conditions under which the various types of ZiP weie prepared had a sub- 
tantial influence on the resulting P/Zr ratio in the precipitate In Table 2 the P/Zr 
radios before the precipitation under dilTerent precipitation conditions and P/Zr ratios 
in the washed precipitate are listed The results of ZrP precipitation from H ,P04-6 N 
IIC'I and H,P04(NaH,,P0,) 0 1 N HCl are taken from the works of Baitsle et a! '-■> 
Old I ARSi N et al for compai ison It is evident from Table 2 that the precipitates 
"I ZrP are formed with relatively small phosphate contents during precipitation by 

I Korkisch and A t araci, Z Anaht Ctnm 166 , 170 ( 1959 ) 
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cl tcrtiai^ sodium phosphate, where even a higher phosphate excess with regard to 
/iicoimim in the initial mixture docs not substantially increase the P/Zr ratio m the 
piecipitate This is because of the hydrolysis of ZrP in an alkaline medium During 
piccipitation from H,P 04 6 N HCl (even at a ratio of P/Zr 3 m the initial mixture) 
the P/Zr latio in the precipitate does not exceed the value of 1 66 Baeisl^ et al 
explain this fact by steric hindrance m the ZrP chain On the other hand we have 
prepared ZrP samples with the ratio of P/Zr — 1 86 by precipitation with H,P 04 , 
NANroLLxs ct Cl / prepared a sample with the ratio of 1 86, Larsfn et al pre- 
pared by the precipitation m H )P 04 - 0 I N HCl also a sample with a lugher ratio 
(I 72) Digesting our ZrP sample having the ratio of P/Zr ^ 1 86 with 20 per cent 


Tmhi 2— IV/r 

ANI> 

RMIO IN INITIAL SOLUTION 

IN PRLCIPITATr 

PrCEipildUon 

P/Zr in inili.ll 

P/Zr 111 

medium 

solution 

prcLipitdlc 

6 N HCl 

3 0 

1 47 

ICPO, 

3 0 

1 68'^-' 


20 

1 66'^'’ 


1 s 

1 50'^-' 


0 94 

0 94'^"’ 

0 1 N 

40 

1 72 

H,PO, 

1 5 

1 29 

(NdH.POP 



HiPO, 

25 

1 86 


1 35 

1 41 


0 5 

0 88 

0 1 N HCl 

1 5 

0 69 

NdaPO, 




phosphoric acid at 60'C and washing with considerable volumes of water until a 
negative reaction for phosphates in supernatant solution was obtained, we found in 
the first sample the ratio of P/Zr - 2 00, m the second 2 02 This is similar to a result 
of Merz,"*’ who obtained samples with higher content of phosphorus by digestion 
with phosphoric acid 

In Table 3 the changes of the P/Zr ratio after fivefold digestion of the ZrP samples 
with 4 N HCl are given From the results given it is obvious that the digestion with 
4 N HCl reduces the P/Zr ratio of the samples with higher phosphate contents On 
the other hand, the digestion of the sample with a low P/Zr ratio causes its increase 
(from 0 88 to 1 07) This may be due to solution of zirconium The composition of 
ZrP with the P/Zr ratio of 1 41 does not change during this digestion The decrease 
of P/Zr ratio by digestion with 4 N HCl is in accordance with the fact, that ZrP samples 
with low er P/Zr ratio are obtained by precipitation from 6 N HCl than by precipitation 
without added HCl This may be explained by chloride ion incorporation into ZrP 
It]may be seen from the Table 3 that the samples precipitated from 6 N HCl or digested 
with 4 N HCl, washed with acetone until a negative reaction for chloride ions occurred. 
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P/Zr after 


Chloride content ( 



digestion 

Chloride content ( "„) 

alter digestion with 

Precipitation 

P/Zr in 

with 

after precipitation 

4N HCI (washed 

medium 

precilitale 

4 N HCI 

(washed with acetone) 

with acetone) 

6 N ttCI 
H3PO3 

1 47 

- 

2 86 

— 

H,PO. 

2 02* 

1 ')3 


0 37 


1 86 

1 79 




1 41 

1 42 


- 


0 88 

1 07 




* Thissjniple was prepared by digestion of a ZrP sample (P/Zr I 86) with 20"„ H3PO, at 60 C 

eontain a remarkable amount of chloride The Cl content is reduced to a negligible 
value (from 2 86 to 0 03 per cent and from 0 37 to 0 01 per cent) by further washing 
with water If the samples have been washed with water only, the chloride ions were 
not found 

riien we may conclude that a lower P/Zr latio obtained by precipitation from hydro- 
chloric acid IS caused by chloride ions incorporated into the exchanger These 
(hloride ions are lemoved by washing with water and replaced by OM gioups 

I il rat ion cunes 

In order to characterise more completely the ZrP samples prepared by piecipita- 
tion with phosphoric acid, their titration curves are presented in Fig 1 and compared 
with those of Ampiillii o «?/ *'* and BxnsLL e/ The titration cuives have a less 
steep slope and do not show the inflexion points in compaiison with those of other 
authors 


Oistiihutian coeffincnts of I- 4 lafcnt cation'; 

In Tabic 4 the distribution coefTicicnts of some 1 4 valent cations (on ZrP with 
latios of P/Zr f 0 and 1 87) foi soi bents diied at 40 , 260' and 1000 C aic shown 
Ml the values given are valid for an equihbiium concentration of nitiie acid in the 
n|ucous phase of 0 1 N and a total cation concentration of 10 N 

1 loin Table 4 it is evident that the distiibution coefficients (A.,i) of piactically all 
the cations in question are lower for the ion exchangei dried at 260"C than foi the ion 
- Vi hanger di icd at 40 'C It is possible to explain this fact by the condensation of acid 


Tabu 4 -Oisirihuiion rornu unis ior somi I 4 vmini omions 


I' /i 


Drsint; A,, 


( V » N 1 ' 

K ■ 


Sf-^ 

/l )• ' 

L'O - 

( t'* 

Fc-* 

Iti' ’ 

RuNf 1 ' 

I M’ 

Pu-* 

40 

4 s 

26 1 


VO 

1 0 

s 1 

3- 9 

"00 

N > 

1 30 

1290 

2(v() — 

h 0 

14 S 



2*^2 


2 6 

U 2 

219 



3S9 

1000 

V 0 

10 0 


2 


1 (> 

1 0 

1 0 


1 0 

16 0 

40 10 0 

19 S 

U9 

1 0 

1400 

v;' 

4t ^ 

O^J-O 

bOOO 


2~h0 


:nn H H 

21 0 

126 

1 0 

4^0 

r6 

f 9 


1 000 

- 

‘1 04 

6S4 

1000 

^ 7 

4 ^ 


24 0 


2 





v2 4 


s 1 "I t iiions uhcic ImlmKsis rn u In iinJsr ihi. ci'i-n tonJilions jn inJit 111, m ol iIk unluJn.KseJ t,>rm is 
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mequivOHyg of axchonger dried of 40°C 

r Ki I Tilr.Umn ciM\(.s t)f /rl’ willi dilfcitm P//r ratios 
H/Zi I 74 prcsipitJtcsi ssilh lljPO, 

A — P/Zi I 42, precipitated with H,POi 
P/Zi I 07, precipitated with Hil'O, 

• - P/'Zi in initial solution I 44, precipitated with H,PO, from I N UNO,. Ami’iii ftt ef a! 

--- P/Zi 12^ precipitated with HtPOi Irom 6 N MCI. Hai 1 SI L ( r rr/ 

phosphate gioups of ZrP lo P O P groups during heating the ion exchanger, as may 
be seen from mfra-iecl spectia measurements llie concentration of exchangeable 
hydrogen ions m the ion exchanger phase and therefore An of a given cation are 

decieased in this way This finding docs not agree with the measurements of Ami Rii 

e/ that the A,i values of the alkaline cations (K. , Rb’, Cs ) and TP increase at 
260 ’C The cations Na , K , Cs , which were investigated by us, show a distinguish- 
able decrease of A,i All A',i values for the ion exchanger with a higher phosphate 
content (i e with a higher content of the functional group) are higher than those of 
ion exchangers with the lower phosphate content It is interesting to find the sorption, 
in some cases with high K,\ values (Pu"*'), on ion exchangers heated to IGOO'^C, where 
no ion exchange mechanism any more may be considered This statement is con- 
firmed also by the work of Stoughion,'*^*' who studied plutonium sorption on 
zirconium pyrophosphate Heated samples of ZrP contain zirconium pyrophosphate 
(ZrP207) or a mixture of structures of ZrPgO^, (Zr0)2P.j07 and ZrOg (see below) We 
assume a coordination of the polyvalent cations (Pu* ' , Th*' , Fe'^p Bi*<) and ZrO^*^ on 
oxygen atoms of the P2O7 group It is difficult to explain the sorption of and Cs' 
on ZrP heated on 1(K)0"C It is impossible to assume the sorption (from 0 1 N HNO,) 
on ZrO^ present m the sorbent The assumption of sorption onto reconstituted acid 
phosphate groups formed by hydrolysis on immersion in water is not in accord with 
the infra-red spectra measurements No change was found m the spectra of ZrP 
heated on lOOO'^C by digestion with water or 0 1 N HNOj Later no sorption of K 
and Cs* was found on pure ZrP207, prepared according to Stcgf.r ei 
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Values of Kt\ of individual alkaline cations follow the senes Cs* - . Na , 

which IS usual for cation exchangers Their mutual separation factors are higher for 
an ion exchanger with a higher phosphate content From Table 4 it may be seen that 
divalent cations (with the exception of ZrO^^) have very low distribution coefficients 
in accordance with the fact that divalent cations are very weakly retained on ZrP'®’“* 
in a weakly acid medium The highest A'd values were found lor Pu^', Th^", BP , 
Fe’^^ and ZrO^' , that is cations whose phosphates arc very slightly soluble and which 
have a great affinity for the phosphate group In addition, the possibility of forming 
a coordination bond with an oxygen atom of the phosphate group may occur Very 
small distribution coefficients found for RuNO*' arc in accordance with experiments 
in dynamical conditions, when RuNO" at an acidity about 0 1 N is hardly retained at 
all 


Pahif 5 

Fyim IHRIUM 

UPTAKF OF 

SOMI 1 -4 VAI 1 S 1 

( A HONS ()SJ ZrP 

Drying 
Icmpcrature 
( C) 

Na 

K 

Uplakc in rncqlg 

Cs 

Sr- ZrO- 

40 

0 20 

0 54 

1 03 

0 34 

260 

0 17 

041 

0 27 

- 

1000 




-- 


Drying 
temperaui re 
( C) 

LJOZ 

Cc^ 

Uptake in meq/g 

he’ RuNO-* 

Ih' 

Pu' 

40 

0 1 

0 7 

0 1 

1 24 

1 12 

260 


0 16 

- 

0 1 

0 89 

1000 



- - 

0 1 

0 63 


66 mg /rP (P//r 1 95), 5 ml ol 5 3 10 • N ^okltlon ol taiion m 1 0 N HNOt 

* 0 67 N HNO 3 8 96 10 -N Pu 

In Table 5 the cquilibi lum uptake of some cations in nieq/g foi ion exchanger w ith 
tlie latio of P/Zi 1 95 for various drying tempeiatiires are given The initial con- 
veiUration of HNO, was 0 I N and the total concentiation of cation was 5 3 10 - N 

66 mg of ZrP was equilibrated with 5 ml of the solution 

In Table 5, the relatively high uptake of Pu'** may be seen especially when the ion 
exchanger is heated to 1000 C In this case the uptake of piactically all other cations 
's immeasurably small 

a-red absorption spcitni of 7.vV at laiious d/Miip teinpci aliocs 

In Fig 2 mfia-red absoiplion spcctia of ZrP samples with ratios of P/Zr 1 0 
I 7 and 1 95 heated during 24 hr to KXX) C are shown The spectia of heated samples 
'’ iving the ratios of I 7 and 1 95 aie similar to the spectrum of cubic zirconium 
7>rophosphate (ZrPP;) mcasuied by Stk.i R ct (//''"’» and Haidir*^" The com- 
' '"''On of the absorption maxima found with those of Sik.lr ci al and FIaidlr'=*" 
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lb given in Table 6 Thus by heating ZrP with P/Zr ratios of 1 7 and 1 95 zirconium 
pyiophosphatc IS lormcd , for a sample with the ratio of P/Zr -- 1 7 a certain amount 
of ZrOo must be eonsidered also The ZrP spectrum of a sample with P/Zr ratio of 
1 0 heated to 1000 C is different from the foregoing Its absorption maxima are given 
in Table 6 Ihis spectrum may be ascribed to zirconyl pyrophosphate (ZrO),P_>0- 
fhis IS Lonfiimed also by the fact, that by heating a mixture of ZrO, and ZrP 207 at 
1200 C (ZrO)^!^©; is formed The infra-red absorption spectrum of the mixture 
of ZrOj and ZrP^O- heated to 1250 C, measured by us is practically identical with 
the spectrum shown m Table 6 Of couise it is not possible to exclude the presence 
of ZrP^O^ and ZrO_, clue to a lower heating temperature (lOOO’C mstCiid of 1250°C) 



P//i 1 0 

I’/Zi I 7 

P/Zr 1 9S 


The knowledge of the infra-red spectrum ot ziiconium pyrophosphate (ZrP20,) as 
well as the fact that the absorption maximum within 958-983 cm ^ is ascribed to the 
valency vibration of P-O-P,''*"' enabled us to investigate the condensation couise of 
acid phosphate groups of ZrP during its lieatmg In Figs 3 and 4 are the infra-ied 
spectra of the ZrP sample with the P/Zr ratio of I 95 heated to 260 C, 450'’C, 700' C, 
800 C, 850"C and 1000 C The giadual change of the ZrP structure to the ZrPoO; 
structure with increasing temperature is obvious The results given in Figs 3 and 4 
confirm the assumption expiessed by Amfiiilit et »/*'* and Aliurii el al con- 
cerning condensation of acid phosphate groups to P-O-P groups at heating ZrP By 
comparing the spectrum of ZrP heated to 260 ’C with the spectra of prepared mixtuies 
of ZrP and ZrP^O- it may be deduced that about 20 per cent of phosphate groups are 
condensed at 260^ and about 60 per cent at 450' C Therefore it is not possible to 
ascribe the weight loss after heating to 100-400 C only to the loss of co-ordinated 
water, as assumed by BAETSLt et a! but also to the loss of water in consequence 
of the condensation of acid phosphate groups to P-O P groups According to our 
measurements this condensation begins as early as 250”C and probably at a still lowci 
temperature, because we could determine, by the method of infra-red spectroscopy, 
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Tahlf 6 — Infra-red absorpiion maxima of ZrP 

WITH P/Zr RAIIOS OF i 0 AND 1 

iftArfD TO 1000 C 
95 



cm ' 


P/Zr 

P/Zr 

ZrP,0, 

ZrP,0, 

1 0 

520-530 iiih 

I 95 

Stegfr et al 

500 

Haidlr'“" 

550 m 
602 m 

624 w 

645 665 sh 

549 1 

548 

720 V 

947 1 

745 m 

750 

740 IV 

1019 s 

1048 I 

981 M 

958 983 

975 1 1 

1108i 

1146 1 

1I12m/» 

1058-1125 

1075-1125 sh 
1155 w 


IV— weak III middle s strong m very strong 6— broad 

TAiitt 7 — Pi-R CLNi wm.Hr toss 
OF ZrP (P/Zr 1 95) AKitR 
HFATlMi TO VARIOl'S 
Tl MPFRAUiRtS 


Temperature 

Weight loss 

( C) 


100 

64 

260 

124 

450 

15 2 

700 

17 9 

800 

18 8 

850 

19 2 

1000 

19 2 


the P O- P groups in the presence of PO4 groups only at a greater content than 10 per 
cent of P-O -P groups 

By condensation of acid phosphate gioups it is possible to explain also the lower 
Values of distribution coefficients of practically all cations studied on ZrP heated to 
2fi() C compared to the ZrP dried at 40 'C (Table 4) Condensation decreases the 
soiiccntration of exchangeable hydiogen 10ns in the sorbent phase and therefore 
sauses a low'cr sorption of cations 

We can see from Fig 4 that the mfia-red spcctium of the sample heated to 850'C 
's similar to that of ZrP^O;, from which it appears that the condensation is at the end 
at HSO’C This agrees with the results of the weight loss measurements given m 
I able 7 

If the ZrP is converted to the Na 01 K' form by treatment with a solution of 
' Na(K)NOj (pH 7-8) and heated to KXX) C its infia-red spectrum is completely 
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cm ' 

Fk< 5 — fnfra-red absorption spectrum ol ZrP with P/Zr ratio of 1 95, 
in H and K form after healing to 1000 C 

H form 

K lorm 

(.iidcrcnt from that of ZrPoO- A comparison is given m Fig 5 From the figure it is 
evident that the characteristic frequency of P- O-P <i I 981 tm ' is strongly suppressed 
in the spectrum of heated ZrP in K ' form This shows that sodium or potassium ions 
hinder the condensation of acid phosphate groups on heating the ion exchanger and 
that these ions substituted acid hydrogen ions of the phosphate group by a mechanism 
of ion exchange 
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THE PROCESSING OF PLUTONIUM 
BY ION EXCHANGE— I 

THE CONCENTRATION DEPENDENCE OF DISTRIBUTION 
COEFFICIENTS ON DOWEX 1X4 FROM 7 M NITRIC ACID* 

D B Jamfs 

Los Alamos Scientific Laboratory, University of Calilornia Los Alamos, New Mexico 

{Received 18 June 1962, in wined foiin 2 Ncneinhci 1962) 

Abstract - An expression was dciivccl and cxpcrimcnially conliimcd for the change in the volume 
distribution cocITicicnt for plutonium (tV) on Dowex 1X4 from 7 M nitric acid with varying concen- 
trations of plutonium (IV) in the aqueous phase A few experiments with other sorbabic species 
indicate the equations may be applicable to other systems These calculations require one measure- 
ment ot the volume distribution coelhcient at a trace level ol resin loading These traec level 
coelTieicnts weic determined lor many elements 

1 Hi: sorption of plutontum (IV) by anion-exchange resins from nitric acici solutions 
was demonstrated by Durham and Mills'*' 

Ryan and Win 1 1 WRioin'-’ studied most of the parametcis concerned with the 
sorption and desorption of plutonium (IV) on several types of amon-exchange resins 
from strong nitrate solutions Nitrate salt solutions give higher equilibrium sorption 
but lower sorption rates From nitric acid the equilibrium sorption is somewhat 
lower, but more favourable kinetics yield better process behaviour m amon-exchange 
columns The equilibrium sorption passes through a maximum between 7 0 and 7 5 M 
nitric acid These results lead to the choice of 7 M nitric acid as a satisfactory solvent 
loi the purification of plutonium by anion exchange 

Plutonium (IV) is also sorbed by amon-exchange resm from sulphate or chloride 
systems *'*' However, many other metallic species are soibcd from these solvents 
Fhe success of the nitrate system is largely due to its high spcciticity Only a few 
elements are sorbed to any significant degree by nitrate-form amon-exchange resin 
lioin 7M nitric acid This degree of soiption has been investigated by several 
woikcrs However, these studies were made on various types of resms and often 

without regard to the degree of resm loading 

* Work done under the auspices ol ihe U S Alomie t nergy Conimivsion 

' R W Durham and R Mills, iL( L I’lih C /7 62 1 1951) 

J 1 Ryan and r L Win i evv Riiiiir, Paper at 1 n//( Xf?/ Mniiin; Xinei i Inin Soc San Francisvo 
11958) 

"1 R Bui<Nn,N F Baiiou, J Pasc oai, and S Ion ALL Pub NRDl - rR-228 ( 1 958) 

R L Bill iiANAN and J P Laris, Conleieine on the L'st Riidionoio/n •< RIn'. Sci and Clnin , 
paper RlCC/17t, Copcnh.igen, Denmark (I960) 

' t N FI SON and K A Kraus ASTM A/mio/ hch Puh 195, 27 (l 9 S(i) 

' I Danon,7 Atnei Chew Soc 78, 5951(1956) 

1 NiisoNand K A Kraus, 7 Aiiiei Chun Six 75,5916(1954) 

I H Huffman R L Oswaii and 1 A Wiiiiams J iiiois; ,Xm/ Chun 3, 49(I9S6) 

17 Nauman and R Ross, Aw;;rrri’("X' 3, 425 (1960) 

' L RvAN,y Pins Chew M, 1175 (1960) 

J 1 Rvan,7 Ph\s Chew 65,1099(1961) 

1 I< hikawa, S Uruno and H Imai, /?«// Chcm Soc Jiyxix 37. 962 ( 1 961 ) 
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The volume distribution eocHicicnt for a sorbable element, S, is defined by 

^ Amount ol S/ml of resin bed ^ 

' Amount of S/ml of solution 

Only al very low degrees of lesin loading say less than one per cent, does this quantity 
btxome reasonably constant rheiefore these measurements are not strictly appli 
cable except for measurements and applications made at the same fraction of resin 
loading the purpose of this study was to investigate the manner in which the 
distribution coelhcienls for plutonium (IV) and other elements change with their con 
ccntiation in either phase rben tiaee-loadmg measurements could be applied al 
piactical process conccntiations 

rxprRiMrNTAi. 

Rcat^Liils I lx rcsiii used in lixsc cvperiiixnls was Dowev 1 X4(50-100)N03 It was conveilct 
troni ihc chloride lo ihc lulraiclomi by abalch-wisccyclic trcatincntwithaO 3M ferric nitrate 2 5 M 
mine aeid solulion, a 1 0 M niliic acid soliilu'ii and walcr until a silver nitiale test lorchloiide wa' 
ncgalivc The ccjuivalciit capacity per unit volume lor anions ol the resin used was determined by 
eonvci ting a measured volunx ol icsin in coniaet with 7 M nitric acid lo the hydroxide form, passiiij. 
an excess of standard 0 1 M hydnxhlonc acid ovei the lesin, and back titialing the eltluenl will 
standard sodium hydroxide I he average ol three determinations was 1 16 milliequivalents pei 
millilitre of riiirale-form resin The impuiilies in the plutonium usetl were less than 0 01 weight pei 
cent except tor 2 6 per cent iron, 0 20 per cent uranium, 0 47 per cent americium and 0 02 per cen 
aluminium Ihc isotopes usvd were obtained liom Union Cat bide Nuclear Co and, except lor a 
very large dilution with 7 M nitric acid, were used as received All other reagents were analylica 
gtade 01 better 

Bati h ctji/ilihi iiliiiii < xpt I iiiwntx for species with a i datively high distribtiUon coenieieiil the bate! 
equilibraiion method was used A measured volume of resin in 7M nitric acid was tiltcied 'dry 
with vacuum and then added lo a measured volume of 7 M mine acid solulion, containing a kixswi 
amount of the metallic ion to be investigated This mixture was shaken for at least “tO hr with a 
vv risi-aeiion shaker, and then the concentration of the nicta) in the aqueous phase was again measured 
‘I he volume distnbulion eeiellieicnt was calculated according lo the loimiila 

^ , (Volume aqueous phasc)(Cv)nccntrauon change aqueous phase) ^ 

* (Volume tesin phase)( Final concentration aquevxis phase) 


In the case ol plutonium (IV) several measuicmcnis weic made with one system by removing .i 
measured volume ol the aqueous phase and adding a measured volume ol 7 M nitric acid bclweet 
equilibrations U( VI), I h( IV) and Au(lll) solutions were all analyzed speetrophotometrically, U( VI 
using arsenazo reagent, Th( I V) using ihoron and Au(III) using rhodamine B The plutonium seilution' 
were analysed by 7-tounting with a correction tor the americium present, determined by ; -counting 
Column e xpciinunis F or species with a relatively low distribution cocfhcient, the column method 
ot Kraus and Mookf"^' was used to measure 72,'’ A column was constructed ol one metre ol 
s mm (id) glass tubing with a poious frit to support the resin bed It can be shown that 


Or' 


y 

1a 


I. 


(3 


where V is the volume of solution required lo move the maximum ol a sorbed band a distance ti, it 
the column has a cross scelioned area A and the fraclional interstitial void space about the resin bead' 
IS / The evaluation of i is discussed later 

For coloured species r/ was measured by visual inspection For colourless species with an available 
or /i-aetivc isotope d was measured by scanning the column with a shielded G-M tube and recording 
the integrated signal on a moving chart recorder A photograph of this apparatus is shown in Fig I 

'’='K A Kraus and G h Moori,7 Amei Chem Soc 75,1460 (1953) 
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A. triangular table held the G-M tube, and it was raised and lowered by a vertical lead screw at its 
center The table rode on three vertical legs over a maximum distance of one meter Microswitchcs 
reversed the direction of the variable speed motor, which drove the lead screw, at the top and bottom 
of the travel Scanning rates from one to 20 cm/min were available The chart recorder only moved 
while the table was lowering The G-M tube was shielded in a block of lead with a small, variable 
slit One hundredth of a millicuric of energy was suflkient for each experiment The specific tracers 
used in these experiments were ‘"’Ag, "“As, ■“'"Bi, '"‘Cd, ‘“'Ce, '““ ‘“tu, '^'Hf, "‘'In, '“Fe, '““La, 
-“'Hg, »“Mo, “'Nb, ’“‘Os, ’“P, ‘"“Re, '“’Sm, '-“Sb, ‘“Sc, ’■’Sc, ”“Sn, ‘““Ta, “"‘Tl, ”'>Tm, ‘"’W, '“Y 
and “^Zn 

For those species which are not siilTiciently coloured and have no available /- or /1-active isotope 
d was measured by chemical analysis of consecutive fractions of the eluate This method has the 
disadvantage of requiring many analyses and yielding only one measurement with each experiment 
1 he other column methods allow analysis-tree simultaneous measurements of d and F at several 
stages during the elution D^ was then determined by avciaging the results of these several measure- 
ments 

In all these column experiments the loading solution contained 7 M nitric acid and only enough 
ol the metallic species to load less than one percent of the resin sites in a band of about 1 cm in length 
at the top ot the column The eluant was always 7 M nitric acid 


RISULFS AND CONCLUSIONS 


Rv an'I"’ hdb shown that the species of plutonium (IV) that is sorbed by anion-exchange 
resins from 7 M nitric acid is probably Pu(NO,),,'^ The exchange reaction would be, 

Pu(NO,)6- . 2NOj-^^Pu(NOA" t 2N0, . (4) 

where the bar indicates a species associated with resin sites within the resin phase 
An equilibrium quotient for this reaction could be writlen, 


[Pu(NO,),.^ ][NO> 
[Pu(NO,),--][NO;->‘ 


I he brackets indicate molar concentrations in the aqueous phase and moles per litre 
of resin bed in the resin phase The volume of the resin bed is the volume of the resin 
beads and the void space about them All of these studies were conducted in 7 M 
nitric acid solutions In this extremely high ionic strength media it will be assumed 
that all the relevant activity coelTicient ratios are constant In 7 M nitiic acid there is 
considerable resin invasion by the nitric acid so this assumption may not be too 
unreasonable even for the resin phase However, with the above definition the 
non-exchange nitrate within the resin phase docs not contribute to [NO, ] 

If [Puj.] indicates the total concentration of all significant species of plutonium in 
the aqueous phase, 


[Pu^] [Pu^^] + [PuNO,' ] : ; [Pu(NO,)„^ ] 

; [HPu(NO,),] ! [HPu(NO,)o ] ! [H.PiifNOA] 

If the senes of nitrate-complex dissociation quotients are defined by 

[PufNO,)’ ';i[NO, 


k.. 


[Pu(NO,)i 


, (ii I , . 6) 


( 6 ) 

(7) 


and the acid dissociation quotients by 


[H„.,,Pu(NO,);; “ »'][H ] 
[H,„Pu(NO,),', " "'] 


(« 5, >?i 


II 6, 111 I 2). (8) 
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then Equation (6) takes the form 




[Pii(NO,)rr ] I' 


A,. 

(NO, J 


[Pu(NO,),.- J ll/f,,,.) 


, A,/-, 

" INO3 r 

^ ^ 

[NO. ]- 


AJH ] 

Ai5[no. j 


[H>] 

A'lr, 


[H']- 

A'lfcA 2b 


( 9 ) 


( 10 ) 


where / the ionic fraction ot plutonium as PufNO,)®" , is a function only of [NO3 ] 
and [H ] and not of [Puy ] Eoi plutonium the definition of the distribution coefficient 
as given in Equation (1) becomes 

[Pu7] D, '■"[PUy.] 


Since It is assLimed th.it the only sorbing species of plutonium is Pu(NO,).,“ 


[Pu,] [Pu(NO,),- J, (11) 

and 

(M)7| < 2 [Pu(N 03),/"] < 2[Puy]D, (12) 


w heie r is the equivalent capacity of the resin foranions It has a value of 1 16 mequ/mi 
o( nitrate foim resin m 7 M nitric acid 

With equations (9), (10) (II) and (12) equation (5) becomes 


/), '•'■[NO, ]- 




/r..ls 


2[Pu,]/>, '’"l^ 


(13) 


As [Puy,] approaches zero \\c can define an infmite-dilution distribution coefficient 
{D, '■") ' by 

/),'■“ > (/2, '■")" when [NO, J >< 


These conditions yield 

(A'’")[NO, p 

^ " ~i 7 • 

I- 1 >,.‘ 

With [NO, ] constantly seven, equations (13) and (14) yield the quadratic 


(14) 


) /) i’ U I ^ 



4[Puy.](T), '■") j 


/ 2 , 


Equation (15) can also be written 


t “ 



4[PUy,]^ 


(/9, '’") 


n I’" ^ ^ I 

^ \i 2[PU7.]£', '•") 


(15) 


(16) 


Equation (16) was used to deteimine {D^ '•")^ with a measuiement of /), at as low 
a [Puy.] as was analytically practical A value of 945 was found for /), when 
[Puy.] 121 10 M which yields a value of 978 for (Z), '”") ' The results of other 

experimental measurements of /9, are shown in Fig, 2 along with the theoretical 
curve as calculated from equation (15) The point furthest to the left indicates a resin 
loading of 1 7 per cent, while those furthest to the right represent loadings of greater 
Dowex lull I'xchans^i', p 19, The Dow Chemical Co (1957, 1959) 
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than 99 per cent of capacity While the resin shrinks about 25 per cent for these high 
loadings, it was assumed that the total capacity of the resin in a batch experiment was 
not altered All resin volumes in this paper are based on the volume of the unloaded 
resin in 7 M nitric acid The capacity of the resin for plutonium, 138 g Pu/I of un- 
loaded resin, was calculated from the equivalent capacity of the resin for anions, 
assuming the plutonium is sorbed as a doubly-charged anion 

If the activity coefficients of all the species in both phases are indeed constant in 


o 

Z 

o 


1000 - 
700 

400 

200 ' 

j 

1000 I 

70 0 ; 
400 I 

20 0 j 

j 

10 00 
7 00 

4 00 

2 00 ' 

I 00 ^ 
0 70 ^ 

040 
0 20 


0 10 



OOOi 0004 OOl 002 004 0 lO 020 040 lOO 200 400 1000 200 400 1000 200 400 1000 

AQUEOUS CONCENTRATION PLUTONIUM (qPu/^) 

Fig 2 — Concentraiion dependence of plutonium distribution coefficient 


the 7 M nitric acid, then a relation similar to equation (15) should hold for any 
species which is sorbed as a bivalent anion For a general element A sorbed as a 
bivalent anion, the solution of equation (15) is 


Dy-^ = (D, -‘)°2A-{1 X- \'X{X + 2)), X 


( 


(17) 


for a general element B, sorbed as a univalent anion, equation (17) takes the form 

(Dyr 


0 II — /n Bw 


[Br]{Dy'<) 


J<\o * 


(18) 


Equations (17) and (18) were tested for thorium (IV) and uranium (VI) which have 
been shown to be sorbed as Th(NOj)^- and U02(N0j)4" by and for 

gold (111) which was assumed to be sorbed as Au(N03)^ ^ since it has been shown to 
be sorbed as AUCI4 ^ from hydrochloric acid The results are shown in Table 1 
Carroll*^®* has investigated the sorption of thorium from 7 M nitric acid on 
Permutit SK(20-50)NO, Equation (17) was applied to these data, using (45 
milhequivalents per oven-dry gramme of resin and substituting for 

^ . mg Th/oven-dry gramme of resin 

'' g Th/litre of solution 

" ’ J L Carroll, AtC Pub H H - -70536 (1961) 
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TaHIF 1 - DlSIRinilTION 

roifFiciiNis ON r>owF\ 

1X4 FROM 7 M 

NITRIC ACID 


At|utous-phdsc 

concentration 

Eraclion of the 

Distribution coefficient 

t lemciu 

(g/l ) 

icsin loaded 

Calculated 

experimental 

Au(lll) 

0 0755 

0 017 

1 14 

1 14* 

Au(lll) 

0 175 

0 21 

99 

92 

AU(lll) 

5 91 

0 78 

30 

25 

Ih(lV) 

0 111 

0 077 

87 

87t 

IhdV) 

0 459 

0 30 

6S 

50 

1 h(lV) 

2 09 

0 40 

70 

77 

ll(Vl) 

0 77 

0 01 1 

4 6 

4 6t 

1 (VI) 

5 7 

0 20 

7 4 

3 0 

l'(VI) 

7 7 

0 21 

7 2 

3 0 

U(VI) 

9 7 

027 

2 9 

2 8 

tl(Vl) 

17 4 

0 24 

2 6 

27 


* I \pcriniciH used t(i cakuLuc ( O, '") I 16 

(■ Experiment used lei e.ileuUue (/J, 102 

J Experiment used to e.ileulale ( D, ' ) 4 7 


'I'he results arc sliown in I'abic 2 


Taiim 2 DisiRiin 

UlON < OIFFK IIMS 

Ol IHORIL M ON 

PTRMUTIT Sk 

Aqueous phase 

f quilibi Him 



concentradon ot 

temperature 

Disti ibution 

coellicient, 

thorium (g/l ) 

( C) 

xalculatcti 

experimental 

0 175 

(i4 

86 

86* 

0 447 

M 

80 

78 

0 454 

64 

79 

76 

1 72 

(i4 

59 

66 

1 78 

64 

59 

65 

9 45 

64 

26 

35 

9 52 

64 

26 

33 

0 175 

25 

124 

124t 

0 454 

25 

111 

109 

1 78 

25 

75 

78 

9 52 

25 

29 

40 


* Experiment used to taleulatc (A'j'") 91 for 64 C 

t Experiment used to calculate (Kj"') - 135 lor 25 C 


The constant products of the lon-exchange equilibrium constant and the ionic 
fraction, KF, were determined for these elements For plutonium, thorium and 
uranium the relationship. 




\9 9D^ ^ 
2[A.,]D, 


(19) 


was derived from equation (13) It was interpolated from Raman-spectra data*’**' 


H S Harnfo and B B Owfn, P/nsical Cheiriistn oj niecliohiu Soli/tions, p 582 Reinhold, 
New York (1958) 



V\vd\. V^iOa ^ - 4 ^6 m 1 M mUic acvd For the unwa\ent go\d this equation lakes the 
term 


4 46Z), « 




r-(Br]0/^ 


( 20 ) 


An average of all the experimental data was used, except for concentrations of 
plutonium above 25 g/l where c — 2[Puj.]£>k*'“ becomes too small compared to the 
error m the analyses The results of these calculations are shown m Table 3 The 
average deviation from the mean is also given While the deviation was considerable, 
there was no trend in the results with concentration 


Table 3 — Ion exihanoe-iomc 

ERAnlON PRODUCT CONSTANT 
Element KF 


All (3 1 1) 10’ 

U 65 h 6 

Th (1 9 ± 08) c )o» 

Pu (13 + 03) 10* 


The application of equations (17) and (18) requires one distribution coefficient 
measurement as near as possible to infinite dilution, a knowledge of the charge on the 


DISTRIBUTION COEFFICIENTS 

D A*^\jf^ OF 0^ »«6SiW BIO 

^ AMOUNT OF *lfClt«/rMOf vOtUliON 


110 0 
C V 


21 or 

1 r r, 

3 V 

24 Cf 

25 Mo 

/6 f* 

III 0?3 

cr 

IV 00 
CC 

IV-00 

C V 

111-00 

CV 

VI-0 6 
CV 

ll-OO 
C C 

(It 00 

C I 

53 T 

4U 7f 

41 Nb 

47 Mo 


44 Rv 

111 00 

Cl 

IV 0 38 
CC 

V 0 19 
( I 

VI 0 25 
C 1 


IV 0l5 
CV 

le 

7? M( 

73 la 

74 W 

’5 R* 

76 0» 

rii 1 4 

Cl 

IV 0 24 

Cl 

V 00 

C I 

Vi - 1 6 

C I 

V!l I 6 

C I 

IV I 7 

C 1 


'~58 Ce 

59 P< 

60 Nrt 


f,'* Sm 


III 1 2 

Cl 

III 067 

CV 

III 0 59 

CV 


111 0 24 

C 1 


90 7h 


92 U 


94 P« 


IV 102 
Bt 


VI 4 7 

CV 


IV 970 
Br 






_ 


lil-O 94] 

BE 


IV 74 
C V 


III'O 18 
Cl 


} ‘ 

fv£l ICAO'NO 

28 N 

29 Cw 

'0 2ft 

110 0 

II 00 

MOO 

CV 

CV 

Cl 


- 


46 Po 

47 Ag 

4B C0 

11 52 

1-023 

M 009 

CV 

Cl 

C I 

78 Pr 

79 Au 

eo mq 

IV 47 

M( -M6 

M I 3 

C V 




III 00 

c c 


' V 0 18 

C 1 1 


yz C( I 33 At 4 

IV 00 ! Ill 0 34 
CC Cl 
, V 0 


^ u e , 
c I 


1-1 '3.0 Sft “ii 


Sb 


III 0 0 
C I 


I I oo 
C 1 


V 00 P® 
1 V 0 0 
Cl 


VALtNCC D, I 

Ml T mOOS 

Cl COLUMN lAOTicr 
CC COLUMN CMlMiCAl 
CV COLUMN VI*;UAL 
lac BATCH tOuiuBflfttiON 


02 FbjSi n 
M 02 9 Ml 3d 

CC C ’ 


i III 009|ni ' ' 

‘ CV Cl 


D, on - 
0 0 . 


Fic. 3 — Disiribulion eoefficients 


sorbing anion and the capacity of the resin The distribution coefficients for many 
''pccies are given in Fig 3 All of these measurements were made at a sufficiently low 


8 
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degree of resin loading so that the correction to inhnite dilution is probably within 
the cxperinicntal ciror ofthc mcasuremeni The quantity Z), | z (see equation 3) was 

measured for each species in tlie column experiments Eigliteen results were near 0 54, 
and none were signilicantly lower An average of these eighteen measurements with 
the assumption that they represented distribution coefficients of zero gave a value to 
I of 0 54 w ith an average deviation from the mean of 0 02 One would expect a value 
ot about 0 4 for / assuming hcxagonally closest-packed, uniform beads The high 
value obtained experimentally is probably caused by the narrow column relative to 
a single bead diameter I’hose distribution coefficients listed as 0 0 m Fig 3 represent 
measuicnicnts of /J,- / of less than 0 62 

The charge on the soibing anion is not so easily measured The methods for 
delci mining ionic cliaige by lon-exchange techniques were reviewed by Salmon*^*’, 
the methods of Rvan”"’‘^' appeal satisfactory for these applications 

While the data m Fig 3 suggest scveial separations applications, care must be 
taken in quantitativelv predicting separation factors from the data, especially for 
applications at the higher degrees of resin lo.idmg Preliminary investigations indicate 
that macio-loaclmg distribution coefficients of several elements m a mixed system may 
not be simply related to the individual mhmte-dilution distribution coeflicicnts 

-The author wishes to thank the pcisonnel ol this I aboratory in Groups CMB-I 
who pcrioniicd the analyses, and C IVlB-7, who provicfccl the instrumentation Mr W D McNffsi- 
designed and built the coluinn scanning device 

J r Sai MON, Rev. Pi/w tfipluil Chem. 6, 24 (l')S6) 
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NOTES 


The separation of 2i»Np 

(.Rcccned A Novei»hi’i 1962 /// unscd jorni Deumber 1962) 


-■'"Np IS KNOWN to be pioduccd by irradiation of uranium with slow neutrons Isolation demands 
separation from the fission produets and uranium This note biiefly reports the results of an invcstica- 
lion of the separation of -^“Np A moic detailed account appears elsewhere '* 


F\ II ill lion pi ocedure 

This proccduic involves only solvent extraction techniques It is based on the selective extraction 
of Np(VI) by diethyl ether Irom nitric acid solutions in the presence ot a salting out agent and on the 
differences in the behavioui of Np(VI) and Np(V) 

The efficient extraction of Np(Vl) by diethyl ether permits the isolation -'*Np even at a low nitric 
acid concentration (e g 0 2 M), in the presence of calcium nitrate 'about 3 5 m/I) as salting out agent 
The fission products mostly remain in the aqueous phase further punhcation of neptunium is 
achieved by washing the extract with an aqueous solution, containing an oxidant Then neptunium 
IS stripped with an aqueous solution containing a salting out agent, to prevent stripping of the 
uranium, and hydra/ine nitiatc in nitric acid, hyduzine reduces neptunium in the cold to the 
uncxtractable penlavaicnt state The second extraction, canted out after oxidation, ensures “‘"Np of 
high purity The proceduie is dcsciibcd in detail elsewhere'” A similar piocedure based on methyl- 
isobtilylkclono has been subsequently repotted'''' 

St pat alien o/'^'‘“Np using l/ie lecoil of the fission pioduci nuclei 

To separate ”“Np use can be made of the iccoil of the nuclei of the hssion products The nuclei of 
Ihc energetic fragments travel rather a long way in the parent compound, for instance 8 /( in n,0. 
On the other hand the range ol *"“0 and -’"Np is negligible By using particles of the parent compound 
of a si/e smaller than the range of Ihc hssion products it is possible to separate the parent compound 
Irom the activity due to the fission products and to leave only the aclivily due onlv to -""Np, after 
decay ot the "■"’U The recoil of the fission pioduct nuclei has alreadv been used to isolate fission 
products'' WoLF(,ANv>' ' has also pointed to Ihc possibility ol extracting actinides 

f or the irradiation we have made use ot uranium dioxide with the U content reduced to 0 4 per 
cent Calcium carbonage was used as a filler An even distribution of the DO. particles, ol —2 a in 
diameter, in the bulk of the calcium carbonate was attained by precipitating the latter from a saturated 
solution of calcium nitrate in which the U(>, particles had been prcviouslv distributed so that the 
bulky precipitate entrained paiticics ol dioxide After drying the precipitate was iiiadiatcd in a 
icactor The separation of the filler after irradiation was eficcted by dissolving calcium carbonate' in 
hydrochloric acid Details aie given in reference 1 

" Yu A Zoioiov and I P Ai imarin, Z/ieigHtui 6, 70 (I959'> 

''Yu A Zoioiov and D Nishanov, Radiokinnina 4, 241 (1962) 

'"L S Paisiiin and Yu A Zolotov, TJaiZ/oA/ttm/ia 1, 482 (1959) 

"W J Malck, G L BtxtMAN, M G rmoiTandJ F Run ‘Innhi Chcni 32, 60*; ( 1 960) 

' R Woi loANc., y inoig Nuif Chcni 2, 180(1956) 

R IIiNKY and C HiRc/in, Repoit at the Intel national Confcicncc on the Use ot Radioactive 
Isotopes in Scientific Rescaich Pans 1957 
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Notes 


( hiomalo^nipkii piociJuie 

An uin-c\changc separation of neptunium has been reported In our work use was made of 
uitionitc t U-2 (similar in propel tics to Do\\e\-50) with 1 M nitrie acid as eluant On a column 
to t5 cm 111 lenitth and 0 5 cm in diametci with cationite grains of 0 1 mm average diameter and at 
0 2 ml min Np (V) is eluted very quickly and appeals as a sharp peak on the elution curve Preliminary 
ticatment ot the solution to convert neptunium to the penlavalcnt state is not necessary if the starting 
solution contains onlv Np(V) and Np(VI) as the NpfVl) is reduced to the penlavalcnt one by the 



e 


20 


I Sepaialion ol neptunium (V), uianuim (VI) and phitonuim (IV) on elution 
with 1 and tM mine aeid 


cationite itsell Under these conditions uranium is eluted much later and the bulk of the fission 
products leinam on the lesin Purilieaiion from the eluted hssion pioducts (Ru. Te, I and possibly Cs) 
IS earned out by extracting neptunium with diethyl ether alter its oxidation to Np(VI) 

Ihis pioecduic can also bo used to separate -'’Np, Pu and U alter licating the solution with 
sodium nitrite to obtain Np(V) and Pu(lV ) Plutonium is eluted with 7 M HNOj Pig 1 shows that 
such a separation may be successful As to partieiilais sec reterenee 2 

I / y crnad\k\ fit\iiinir of Ceoc/iemisii \ ("id AiiolviKit! Clu ninir\ , Yu A Zolotov 

Academy oj Sciences oj l/ic USSd Moscoh. U S S R I P Aiimarin 

K M Diamond, K SiHiLiandO f Sfaboiu., J Amcr Clicm Sac 76,1461(1954) 

'"’Cj Johansson See ink Rc hi lidski 65, 79 (1953) 

"" P JOLIOT, r R Acad 5c I , Reins 218, 733 (1944) 


On the formation of ternary M(ll)-citrate-imidazole complexes 

( Received 22 October 1 962) 

A Survey of the literature shows that binary metal complexes of citrate and of imidazole have been 
extensively studied*' however, nothing has been reported on ternary metal-citrate-imidazole 
complexes As part of a research program on mixed ligand studies, this note presents the results on the 
formation of several ternary M(ll)-citrate-imidazole complexes 

J Bjerrum, G SciiWARZENBACH and L G Sillfn, S’/ofti/iiy Special Publication No 6, 

Part I Oii^anic Ligands, The Chemical Society, London, 1957 
R B Martin and J T Fdsall, / Amer Chem Soc 80, 5033 (1958) 

J T Lanf and K P Quinlan, / Amer Chem Soc 82,2995 (1960) 

N C Li, W M WestfaiIjA Lindfnbaum, J M White and J Schubert / Amei Chem Soc 
79, 5864 (1957) 
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We have used a liquid anion-exchangc and a polarographic method for the purpose of demon- 
strating the existence of M(ll) citrate-imida/ole complexes Using a pH titration method, we have 
also determined the formation constants of several M(ll)-citratc-imidazo!e and M(ll)-citrate-bcnzim- 
idazole complexes, where M(II) is Co(II), Ni(ll) or Cddl) 


Experimental 

Matcnah High activity Co-60 was obtained from Oak Ridge National 1 aboratory in the form of 
cobaltous chloride in HCl solution The liquid anion exchanger, “Ahquat 336”, a high molecular 
weight, water-insoluble quarternary ammonium chloride (General Mills, Minneapolis, Minn ) was 
used All other chemicals were of C P quality 

Piocedme In liquid ion exchange experiments, the aqueous phase normally was prepared to con- 
tain (a) Co-60 in concentrations of the order of 10 “M, (b) varying concentrations of imidazole, each 
half neutralized with hydrochloric acid, and (c) sodium citrate in varying concentrations The benzene 
phase contained “Aliquat 336” (5 8 wt "„) in the chloride form Equal volumes of aqueous and or- 
ganic phases were then placed in glass-stoppercd ericnmeyer flasks, shaken at 25 0 2" overnight, and 

allowed to settle for 2 hr at 25' Aliquots from both phases were removed for counting of Co-60 in a 
Nal(TI) scintillation counter The precision attained in distribution coefl'icients was about 2 per 
cent 

Polarographic currcnt-voltagc curves were made with a Fisher I Iccdropode All potentials were 
measured at 25’ against a saturated cakimcl electrode (S C h ) in the manner described by Li and 
CutM 

pi I measuiemcnts were made at 25 ’ in a nitrogen atmosphere, using a conventional calomel-glass 
electrode couple with a Beckman Model G pH meter 


Results and discussion 

{\) Liquid amon-exchani’e studies Fig 1 shows plots of I /£) vs l/(total citrate) lor tour different 
imidazole concentrations, where D is distribution coefhcient and is defined by the equation 

^ total A/(ll) cone m organic phase 
total A/(1I) cone in aqueous phase 

Plots of \ jD vs concentration of Irec base imidazole dm), for four different concentrations ol sodium 
citiatc arc shown in 1 ig 2 1 he results may be interpreted in the following manner In the absence of 
imidazole, the distribution coefficient is given by the expression 


D 


while in the presence of imidazole 

D -- 


(3KTt )„r. 

(A/ ') (\/Cil ) 

(AfCit )org 


( V/ > d I (A/Cit ) , (AfCitIni ) (A/Citim. ) (\/lm ") (\/Im.+ d 


( 2 ) 

(3) 


With the mtioduction of the following equations 


D' - (A/Cit UJ(MCa ) 


A. -= (A/Citlm. )/(A/CU )IIm)' 
A (AfCit )/(A/t^)(Cit 


A,; -(A/lm„^')/(A/^')dni)'‘ (4) 

the following equations result 

d/A)') (I/O') -I (l/0'A)(I/(Cir«)) 

(I/O) ^ (l/O'O t {[A,([m)]/0'! + ([AAIm)']/0'l 

I i[Ai'(Im)]/[0'A(Cit ’)]! ![A,'llni)‘]'[0 AtCil ■>)]; (5) 


’ ' N C LtandM C CiltN, / Aniet Chern Soc 80,5678 (1958) 
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W'e must also considei the citrate ion itself ma). be absorbed and if undet the expeninental conditions, 
a constani Iraction / of the total citrate, 4,, remains in the aqueous phase, then equation (5) becomes 

(1/77) -- ;[l A.Ilm) A_flm)-]//)| (IM,);[I A,'(lm) ' A ,'(Im)-]/(/7)'A ); (6) 

I I '/>) = tl//7 ) H/t/ /7 A)] (1/ 1,) :iiA,//r) 

[A,7(/V)'A4,)]1 (Ini) ' \ajD) . [A.'/t AD'A )] ( I / 4,) l(lm)-‘ (7) 

1 qikilion (Cl) piediets that at eonstant imida/ole eoncentralion, a plot ol 1/77 vs I lA, should yield 
a si 1 .iiithl line and that both the iiiteieept .ind slope ineieasc with increase in imidazole concentration 



1 i(j 1 - ncpcndeiiey. citrate eonecntiation on the exti action of Co(l I) 
in citiatc-imida/ole mixtures by Aliquat 335 


hquation (7) shows that at constant total citrate concentration, a plot of 1/77 vs (Im) should yield a 
curve, and that both the slope and intercept increase with decrease in total citrate concentration 
Figs I and 2 show that the experimental data aic m agreement with the predictions of equations (6) 
and (7) Moreover, equation (7) can be rearranged to yield 


y 


(1/g) I 

dm) 


« T 


h (Im) 


( 8 ) 


where 7 is the intercept of a 1/77 vs (Im) plot at constant value of A, in Fig 2, a and h are the coeffi- 
cients of (Im) and (fm)% respectively, in equation (7) A plot of y vs (Im) therefore, at constant A,, 
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should yield a straight line, and this is the ease for our anion-exchange data We have thus established 
that in the region 0 001-0 OliVf sodium citrate and 0 005 0 Q2M imidazole, two ternary eomplexes 
CoCitIm and CoCitlnij^, are present in solution together with the binary eomplexes CoIiti^+ and 
Colm,"' * Since the fraction of citrate, remaining m the aqueous phase was not determined experi- 
mentally, we have not attempted to evaluate the formation constants of the ternary complexes by the 
amon-exchangc method 

(B) Polai o<^raphic study of ( d(II)-(ilrate-iinulazole complex Kolthoif and LinciANf"’ have given 
the following expression for the polarographic half-wave potentials of a Mdl) metal ion 

(ri), - (/-J), - OOSOIogA', p 0030logM) (9) 

where and (/vl), are the hall-wave potentials in the presence and in the absence of a ligand, 4, 
respectively A, is the equilibrium constant of the reaction M'‘~ i pA MA^ In the simultaneous 



Tig 2 -Dependency, imidazole concentration (im) on the extraction of Co( II) in 
citrate-imidazolc mixtures by Aliquat 336 

piesencc of two ligands A and /?, foiming a ternary complex M 4„B , the expression for the half-wave 
potential would be 

(EJ)r - 0 030 log hyn p 0 030 log {A) c/ 0 030 log (B) 1 10) 

where is the equilibrium constant of the reaction 

Afi’ h pA \ cfB ^ M4^B, 

1 M KotTHOFF and J J LinCiANF, Polaim^iapln, Tnterscienec, New York (2nd cd ), 1952 
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hor solutions containing 5 10 CdlNOa)^, 0 005“;, gelatin as maximum suppressor, OISM 

IvNOj, 0 04 4/ sodium citrate, B, and varying concentrations of imidazole. A, the electrode reaction is 
reversible A plot of vs -- log (4), m the concentration range (zl) = 0 1-0 5M, is linear, the slope 
being 0 09 From equation (10), it is seen that p ^ For solutions containing 5 s 10 Cd 
( NOj)^, 0 005 "o gelatin as maximum suppressor. 0 15A/ KNOj and sodium citrate varying from 0 01 - 
0 05,4/, the slope ol a L\ vs log (Citrate) plot is 0 04, so that Cd(ll) forms a monocitrate complex 
in this concentration range In the presence ot 0 04M sodium citrate and imidazole varying from 0 1- 
0 5 4/, thcicforc, the complex is C d Cit Im, Lt et a! have shown that in the absence of citrate, the 
complex IS Cdlnij' ‘ when the imidazole concentration is above 0 08M In the presence of 0 03M 
sodium citrate, therefore, one mole of citrate displaces one mole of imidazole in the tctra-imidazole 
complex 

From our polarographic data and equation (10), logA'^^n for the CdCitlmj complex was calcu- 
lated to be 8 8 The value of log A for the formation of the CdCit complex has been reported to be 
4 98'"', so that log At, the logarithm of the equilibrium constant of the following reaction 

(dCit 4 1m CdCitIm, 

IS easily calciil.itnl to be 8 S 4 98 or 4 8 

TxHir I 1 OKMAIION tONSlANISor SIVIRAI BINARV AND ItHNARY COMPLEXF-S 


1 Cl nary compi 


Binaiy com 

plexes 


log Al 


log A'l 

C dC it(imidazole) 

2 50 

Cd(imidazole)+* 

2 80"" 

NiCit( imidazole) 

3 10 

Ni(imidazole)^ *■ 

3 27"" 

CoC lUimida/olc) 

2 48 

Co(imidazole)' ^ 

2 58 

NiCit( benzimidazole) 

2 II 

Ni(benzimidazolc)' ' 

2 24 

CoCiK benzimidazole) 

1 62 

C'o( benzimidazole)’ ' 

1 66 


(C ) pH iliuly oj imidazole and henztmtdazolc complexci For titration with a standard alkali, the 
solution was normally prepared to contain (a) 0 01 M nitrate or chloride salt ot the divalent metal, (b) 
OOIM sodium citiale, (c) OOIM imidazohum or benzimidazohum chloride, (d) sufficient sodium 
chloride to keep the total ionic strength of the initial solution 0 15 The data were treated in the 
manner described by Edsali et al except that v now refers to the concentration of bound imidazole 
or benzimidazole per mole of Mflf) citrate, and the formation constant is now A', (equation 4 of this 
paper) This treatment is valid because equimolar amounts of M(ll) salt and sodium citrate were used 
and the formation constant ot the M(ll) citrate complex is so high'" that practically all of the M(ll) 
and citrate ions in the initial solution were bound in the M(ll)-monocitratc complex During the 
titration therefore, we may consider that the alkali added is reacting with the hydrogen ion set free by 
the following reaction 

M(ll) citrate’ - Hlm+ = MCitlm ’ 1 H' 
wheie Im is imidazole or benzimidazole 

Table 1 lists the lormation constants. A,, of several ternary complexes obtained by pH titrations 
For comparison, the formation constants. A",' (equation 4), are included It will be noticed that for 
each M(ir), Al is always smaller than A/ This trend has been observed by SciiAAPand McM asters" 

N C Li, J M WiiiTL and E Doody, / Amer Chem Soc 76,6219 (1954) 

N C Lr, A LtNDLNBAUM and J M White, / Inort^ NucI Chem 12,122 (1959) 

J T Edsall, G FtLSENiFtu, D S Goodman and F R N Guru,/ Amer Chem Soc 76, 4054 
(1954) 

W B Schaap and D L McM asters, / Amer Chem Soc 83,4699 (1961) 

C Taniord and M L Wagner J Amer Chem 5or . 75, 444 (1953) 

N C li,T LChu, T Fujuandj M White,/ zlmer Chem Soc 77, 859 (1955) 
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for M(ri) complexes with oxalate and ethylenediamine, and has been ascribed to statistical and en- 
tropy factors 

Acknowledgement — -The authors are indebted to the U S Atomic Energy Commission for support of 
this work through Contract No AT-(30-])-1922 

Department of Chemistry, Diujuesne University P Tan<, 

Pittsburgh 19, Pennsylvania N C Ll 


Relative yields of and in the decay of ’”Rh 


{Received 29 October 1962) 


flit puBLisHFD data on the decay chain of mass number 111 is the following 



A knowledge of the relative yields of ‘"Pd and *”"'Pd gives an indication of the branching ratio in the 
decay of the short-lived parent ‘"Rh This note describes the results of determination of the ratio of 
cumulative yields of ‘"Pd and ""“Pd, in neutron fission of natural uranium 


Crpei imental 

The ratio "‘Pd/‘‘‘‘“Pd was obtained by determining separately the ‘‘‘Ag due to both "‘Pd and 
ni.iipd together, and the "‘Agdue to ‘‘""Pd alone, taking advantage of the large difference in the half- 
livcs of the two palladium isomers 

About 1 g of natural uranium metal was irradiated by a neutron flux of 3 s 10". in the swimming 
pool reactor “Apsara” and dissolved m 6 M hydrochloric acid and a few drops of 30 percent hydrogen 
peroxide The irradiation time varied from 30 min to 1 hr The solution was divided into two ■'qual 
fractions Fraction 1 was set aside after adding sufficient ammonium carbonate to keep the uranium 
in solution and 20 mg of silver carrier as silver ammonia complex Silver was purified after the com- 
plete decay of ‘‘‘Pd and ‘‘‘"'Pd, and ‘"Ag was assayed (Sample 1) 

fraction II was treated as follows to determine the "‘Ag formed by the decay of ‘""'Pd 20 mg of 
silver carrier was added as silver ammonia complex after complexing uranium with ammonium carbo- 
nate After 6 hr during which the 22-m ‘"Pd completely decayed to "’Ag. silver activity was removed 
by eight silver chloride scavengings The time of last scavenging was noted as it represented the 
starting time for the growth of ‘"Ag from '‘""Pd Again 20 mg ot silver earner was added as the 
ammonia complex, after complexing the uranium with ammonium carbonate After the complete 
decay of 5 5-h ‘‘""Pd, silver was purified and ‘"Ag was assayed (Sample ll-a) 

In this procedure, there are two possible sources of error, one due to solubility of silver chloride and 
the other due to adsorption of palladium in tracer concentration on silver chloride The ratio will be 
much lower than the true value if, even after eight silver chloride scavengings, appreciable amount of 
'"Ag remains in solution To check this, a separate experiment was carried out in which silver chloride 
was successively precipitated from a solution containing pc quantities of ‘‘“Ag and counting the silver 
samples individually It was found that three silver chloride precipitations removed all the "“ Ag from 
the solution, showing that the solubility of silver chloride does not introduce a significant error in the 
value of ‘"Pd/"‘"'Pd The ratio will be much higher than the true value, if anv '“"'Pd was lost by 

" Katcoh, S , Nucleonics 18, 201 (1960) 
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Notes 


adsojpiion on siher tlilondc during the laige number of silver ehloiide scavengings To invesligale 
this, a lew espennients were eai ritd out m w'hich (laetion 11 was treated by a procedure slightly 
dilleieiit lioni the one given above 

I wenty mg ol palladium can ler was added to traction 11 and palladium was separated by standard 
ladiochemieal piocevluie, altei the complete decay ol 22-ni “‘Pd The lime ol last silver chloride 
scavenging (about si\ hours after the end of iiradiation) was noted The chemical yield ol palladium 
was dctcimmcd by weighing it as its dimethyl glyoximc complcv, PddilVIG)^ The Pd(DMG), was 
dissolved in 10 M ammonium hydioxide and 20 mg ol silvei eariiei was added as silvei ammonia 
eomples Altii the complete decay ol 5 5-/; '"'"Pd silvei was puiihed as belore (Sample Il-b) The 
agteemeni ol the values Im the i alio ealeiilaled liom samples ll-a and 11-b, together with the results 
ot the solubihiv espeiimeni shows that no appreeiable eiior is introduced by any adsc'rption ol 
palladium liaeer on silvei ehloiide 

Assay ol “ ' Ag ol the sample was can led out using a beta ptevpot lional countci , after the decay of 
the 1 I 2-li Ag I he aetiv ities ol Ihe samples 1 1-a and Il-b are due to Ag, formed by the decay of a 
1 1 let ion ol the mil I il amount ol '“"‘Pd .done 1 he '“Ag activity coi icsponding to the initially foi med 
' ' '"‘I’d was ealciiLtted by correct mg the counting i ate, toi the decay ol '“"'Pd Irom the end of iriadia- 
lion to the last silvet chloi ide scavenging, lor the chemical yield ol silver (loi the chemical yield ol 
p illadium also loi s,t tuple I l-b) and also lor the growth and decay ot ' “Ag From the counting rate ol 
s imple I ' “ Ag aetiv ity due to ' “ Pd and ' ' '"'Pd together was calculated by applying eoi rcetions for the 
ehemieal yield ol silvei and loi the growth and decay ot '“Ag (sample I contained '“Ag ksrmed 
diieetly m tission also, hut calculation on the basts of ecpial chaige displacement hypothesis'-' indi- 
ealcs that it is ot the oi dcr ot 10 - percent of the total “‘Ag) As the ratio ' “Pd/‘“"*Pcl was calculated 
Irom the “'Ag activities counting efliciencies of '“'"Pd and ‘“Pel were not letjuired 


T VHI I I 


1 xpt No 

1 

- 

t 

4 

5 

(s 

7 

Me 111 

Sample used 

ll-a 

Il-t 

ll-a 

ll-i 

ll-a 

ll-b 

ll-b 


'“Pd/''""Pil 

1 10 

119 

121 

121 

120 

1 10 

1 10 

1 19 7 


Rt'siills aiul ((inclusions 

1 he results are given in 1 able 1 The i atio ot '"Pd/*“'"Pd in the neutron fission ot natural uranium 
was detei mined lo be 110 7 This latio of the cumulative yields ol "'Pd and “'"'Pd may be taken 

as a very approximate value for the branching ratio in the beta decay of ‘“Rh, as the Iraetional chain 
yield of mass number 1 1 1 at palladium calculated on the basis ot equal charge displacement hypoth- 
esis'-' IS not insignificant and cimics out to be about 7 percent Tuilhcr, the value will have a 
larger uncertainty if ““"Ag decays directly to stable "'Cd to an extent significantly larger than I per 
cent indicated in the decay scheme'" The value 119 i- 7 compares well with the approximate v.due 
fabout 100)* given in Kaicoh s summary of fission yields Determination of the independent 
yields of “'Pd and ‘“'"Pd would be useful but is very difiicult, if not impossible, because ot the very 
short half-hfe ot “'Rh 

Ac knowledi^emenls -The authors aic giateful to Dr G A Wiirit and Dr H D Siiarma for their 
helpful criticism and continued interest in the work and to Professor A C Waiil for his valuable 
suggestions 

Radiochemislrv and Isotope Dniston M V Ramaniah 

Atomic I2nerpy Establishment, Tromhay K RfniiAN 

Bombay-TS N Ravindran 

* It IS not clear whether this is an experimental or predicted value 
'2' Pappas, A C AECU 2806, 1951 
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X-ray diffraction data on hydrated uranium peroxide 


{Received 2^ Deecnibei 1962) 


1 1 Il^s been lound recently"' that two dilTerent hydrates of uranium peroxide can be obtained from 
the precipitate, formed by the addition of hydrogen peroxide to aqueous solutions containing uranyl 
ions When this precipitate is dried at temperatures below 40 C UO, 4H20 is formed, above 70 C 
this IS converted to UOj 2HjO The thermal decomposition of these hydrates has been studied by 

CoROFUNKE et al '■■■*' 

This note gives the results of a preliminary investigation by X-ray diffraction on the hydrates of 
iiianium peroxide The diffraction patterns wcie obtained with a Philips diffractometer, using 
C uKx-radiation (2 -= 1 5418 A) 

I he compounds were prepared by dropwise addition of a 5*’,, hydrogen peroxide solution to a 0 1 
molar solution ol uranyl nitrate, acidified with concentrated nitric acid In this strongly acid medium 
llie piccipitation is delayed resulting in a product with better crystallinity Samples of both com- 
pounds showed a marked preferred oiientation, due to the necdle-likc shape of the crystallites In a 
sample fiom one wcll-crystalhzcd batch of the tctiahydiatc the cHcct was so strong that only the hkO- 
icllcctions had measurable intensities The orientation was eliminated by suspending the powders in 
a concentrated starch gel 'the dihydratc was then dried at 90 C the tetrahydrate at room tempera- 
iLiie After a few trials samples could be prepared which no longer showed any evidence of a 
pieferred orientation 

The diagram of UO, 2HjO was indexed by Z.M iiariasin"’ who found that this substance is 
Ol tlioihombic with cell dimensions a 6 50 OOf, h 4 21 _ 0 02, c 8 74 _ 0 05 A, the 
uranium positions being (000), (111) 1 he complete pattern has also been published 

The expel imenlal data obtained in the ceuirse of the present investigation have been established to 
I greatci degree ol accuracy with regard to intensities and cell dimensions It hereby became clear 
that the latter were variable from one sample to another, whilst the poor resolution of the x,- y. dou- 
blet indicates that even within one s.unpic the cell dimensions are not well dehned A correlation with 
the water content, which is also variable, could not be ascertained 

1 or the pattern listed in Table I the following cell dimensions were used lor the ealeulation of 
sin- 0 

a 6 502. b -4 216, < - 8 778 A 

hor SIX dillerent samples the cell dimensions were calculated resulting m the following mean 
\ allies 

a - 6 50 0 02,6 4 211 0 005, < 8 78 0 01 A 

The cell volume is 240 1 A^ the cell cemtains two formula units Thesvmmctry is orthorhombic 

body centred, the space gtoup is probably 1 nwun 

The pattern of the compound UO, 4H,0 has been publisheil piev loiisly by De nn w ho howcvci 
el roneously legal ded it to be the dihydratc At first sight the strentger reflections of the pattern showed 
hexagonal symmetry with a 6 8 A It evolved, however, that these leflections are all doublets oi 
inplcts The real symmctiy, being only pseudo-hexagonal, proved to be base ccntcied monoclinic 

For the tetrahydiatc the same variability in cell dimensitms and pool icsoluiion of the y, i . 
doublet weic obscrvcil as for the dihydratc 

1 or the patfcin listed in Table 2 sin* 0-valucs weie calculated with the following cell dimensie'ns 
r/^1185, h 6 785 c 4 245 A, /)’ - 91 17' 

" T Sato, Naturn issemchuflen 48, 668, 691 (1961) 

' T. 11 P CoRDi UNKL and A A van dlr Giissfn, 7 Inoi" bdicl ( /i< //i . 25, 51 1 (1961) 

" T II p CoROtUNKE and P AitNe,, /Jec Tniv Chun (1963) in picss 
“ W H /AciiARiAStN. CK 1167 (1944) 

’ R Uka/i, / Atom /ngv Soc yr//r«/i 1 , 405 ( 1959) 

' H W Dunn, ORNL '2092 (1956) 
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Notes 


Measurements on sc\cn dillctsint samples lesulled in the follouine mean values 

a II 86 ± 0 02, /> -= 6 78 0 OJ , e 4 245 ± 0 004 A, /)' = 93±8'^ 10' 

1 he cell volume IS 341 lA' the eell eonlains two lorniula units The space group is C 2, C m oi C 2/ni 
The sliueluies of these two hvelrates will be sludieel by neutiem clilTraetion 

t( Alum /i i/”i OK lit — 1 he aulhvM wishes to thank Di 1 H P toRin UNkr lor suggesting the problem 

K<inliii (iiiliiini \ctli j Itiiii/ P C Ohnris 

/*( Hi It, 1 he \ i ihi i /loit/v 


!• xfracfioti of thallium (III) from hydrochloric acid solutions 

f Jim nil/ IS ,\inirn/>ei 1962) 

iKsiNt/" anel Horri i( Ks it n/ have stuelieel the estiaetion ol thallium (III) horn hyelroehlonc aeiel 
solutions into ether and isopiopyl ethei In the lattei vvoik, the loim of thallium (111) exti acted into 
the organie phase was postulated tel be H 1 1( 1, In an earlier investigation Bi Non had suggested the 
toi mation ol sevei al ehloi ide eomplcses vi/, IICI'-, 1 1C h ' and 4 ICI , in aqueous solutions Fiom 
this It would appeal that in hydioehloiie aeid solution ol thallium (111), a dynamic cquihbiium exists 
between the species 11 ‘ IICT- IlCh', 'IICI3 and TICI, The picscnt study on the extraction 
behaviour ol thallium (111) by tiibutyl pluisphalc (IBP) and trinony laimne ( 1 NA) fioin aqueous 
solutions eonlirms ihe existeiiee ol TK I, The extraction nicehanisrn ol TBP is lairly well-known 
Trinonylamine in the lorm ol its ehloiide, lunetions as an anion exehiinger Recent work''’^' using 
long chain amines as liquid 1011 exchangers shows that the charge on the anionic species can be 
infcircd liom such sluilies 

Thallium (III) chloride siilulicin lagged with TI-204 was picparcd after Horrocks and VoKjI'®’ 
It was purified by repeated preeipitation ot TKOH) ,, followed by eiissolulum in 6 5N hydroehloncacid 
Ihe thallium coneentiation was deteimincd by the mcthiid of Ki finbfrip''’ Pure benzene was used 
as diluent for the cxtiact.ints 

In the solvent extraction studies, in each experiment the oigamc phase was pre-equihbrated with an 
aqueous phase having the desired hydrochloric acid eonccntration This solvent phase was then 
equilibiaied tor 5 min with the aqueous solutmn ot thallium (III) containing the same concentration 
of flee hydrochloric acid Ten Iraetions ot both the phases were plated and the amount ol thallium 
determined by counting the TI-204 (/l^ 0 76 MeV) using a G-M end-window counter 

The lesults using tributyl phosphate as the extracting agent aic presented in Figs I and 2 At 
constant concentrations eif TBP (5 "„) and Tl (III ) (0 93 10 “M), the plot of log i/ (where (j is the 

distiibution ratio) against log f,„ , gives a slope of 2 7 (Fig 1 ) At two fixed hydrochloric acid con- 
centrations (1 6 and 6 3/), the plots of log</ against log percent TBP show a slope ol about 3 (Fig 2) 
The data using trinonylamine in benzene as the organic phase is presented in Fig 3 At 0 1 1/ 
hydrochloric acid concentration, the slope of the plot of logr/ against log percent 1 NA, is 1 I For 
Ihe HCI solution, 1 O/'NaClO, has been added in order to reduce the distribution ratio so as to permit 
its determination more accurately For this concentration also the slope is neatly unity (0 9) These 
results thus conclusively show that the thallium complex extracted is uninegatively charged and hence 
the species present is TlCl, In the concentration range studied no evidence for the existence ol 
TICT5 - was obtained 

H M Irvino, / Rer 5,200 (1951) 

D L Horrocks and A F Voici.y Atner C/ietn Soc ,79,2440(1957) 

R BiNoir, Bull Soc Chirii rtance, 518 (1949) 

J A BRorHfcRS, R G Hart and W G Mathfrs, 7 Inort^ Nnd C/iew , 7, 85 (1958) 

j M White, P Kei ly and N C Li, 7 Inort; Niicl Chein , 16, 337 (1961) 

J Kifinberc,, CoHetteil Rtuhochcrnnal Pioceilures US AF-C Document, LA-172 1 , Los Alamos 

Scientific Laboratory, 1954 
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Notes 



LOO PERCENT TNA 
hlG 3 

In the light of these results, the experimental data with tri n-butyl phosphate can also be interpreted 
The slope of nearly 1. obtained by varying the molarity of HCl at constant IBP concentration, might 
be explained by the conversion IlCI^*' + ! 2CI“ --*■ HTICI i Acids such as HTICI 4 will be 

extracted into TBP as ion pairs and will have a solvation number of 3 This perhaps explains the slope 
ol 3 obtained in those experiments in which the IBP concentration was varied 

Acknonledgemfitt -The authors would like to express their sincere thanks to Dr J Shankar for his 
kind encouragement I hey would also like to thank Shri IKS Mi'rthy for discussions 

K S Vfnka rpswARiti 
P Char AN Das 


Uber die von Rice, Daasch, Holden und Kohn*^’ beschricbenen 
Phosphornitrid-Chlondbromide 

(Received 23 Januaiy 1963) 

ZuR Vervollstandigungvonspektroskopischen Untersuchungen an den Phosphornitridhalogeniden'-', 
die in wichtigen Einzelhcitcn gegenuber Chapman und Padixick'^' abwcichende Ergebnisse gcbracht 
haben, stellten wir “PaNjCIsBr “PaNjCliBrj” und “PaNgCI-Bri” nach Rice et a/ dar Wahrend 
PjNjCUBr auch nach unscrer Ansicht eine einheitlichc Verbindung ist, sind die weiteren Produktc 
Gemische 

'OR G Ricl, L W Daasch, J R Hoidfn, E J Kohn, / Inor^’ Niicl Chem 5,190 (1958) 

"o E Ste&lr u R SrAHLBERC,, Z Naliirforsch 17b, 780 ( 1962) 

A C Chapman, N 1 Paddock, y Chem Soi 635 (1962) 
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Wir mussen das zunachst aus den von uns beobachteten Schmelzpunkten und ihrer Veranderung 
bei weiterer Umknstallisation schliessen Die Verbindung “PaN,CliBr,” nach'*', Snip “132-1 34 C” 
Oder “1 36'’C’’ konntc auf einen Smp von 142' C gebracht werden Mit einem Smp 136'^C wurde auch 
cinmal ein Produkt aus einem Ansalz fur PaNaCUBrerhalten “PjNaClaBri”, Smp “167 169'C” 

nach‘", zeigt nach haufigcr Umknstallisation aus Benzol Smp 176 \1TC Besonders in Erschei- 
nung tritt daneben eine Fraktion mit Smp 143 145"C 

Unsere Infrarotspektren zeigen durch ihre Veranderungen beim Umkristallisieren der Substanzen 
cbenfalls deutlieh den Mischungscharakter an und geben daruber hinaus Hinweise auf die Natur der 
Komponenten Fur “PjNaCliBra” nach'‘> folgt aus denzuruckgehcnden Banden, besonders 604, 527, 
492 em ', dass PaNaClsBr nut vorliegt Kompensationsversuche mit Losungen dieses Slofles im 
Vcrglcichsstrahlengang (IR-Spektralphotometcr UR 10 aus Jena) zeigen an, dass er bci Smp 142 C 
25'’„, danach bci 136 C 50“„ ausmacht Die Analyse von Riclz’/u/ bedeutete dann, dass PjNjBrCI^ 
I- PsNsBrjCla (1 1) erhallen worden war 

PaNjBrjClj ist auch, wie schwacher werdende Banden bci 507 und 595 cm ‘ z B zeigen, cm 
Ncbcnbcstandlcil von “P 3 N ,CI jBr,”, und zwar noch bei Smp 176 177 C Dieses enthalt auch 

noch die mit Smp 143 145 C angcreichcrtc Substanz, bci dcr eine Absorption bei 1282 cm ' auf 

leltamercs Phosphornitridhalogenid schlicsscn lasst Auf allc Fallc 1 st ‘ PjNaCFBr,'’ nach Rice e! a! 
cm komplizierteres Gemisch 

iiiniei kuiiif bd der Konekliir (20 Manh 1963) Nach wcitcren Vcrsuchen ist ‘ PjNaCFBr ’ nicht 
cmhcillich Von den PgNjCUBr'’ Subslanzen (Snip 124 126 C) warden bci P,NjC liBrj” 

2 I laktioncn (138 140 C, ohne Bandc 529 cm ' , 158 C, desgl ohne 600 cm ', PaNjClsBrj'’) 

gclicnnt “PaNjCljBij” enihalt auch PjNjBr,. 

L SrrcjFR 

IiiMiUit fill wtor^uiiiiclie und J Rosi 

iinoi ifciiiisrh-techiinrlie Cltemie 
li(hiu\chc Uiiirei siiiil, Dtesden 


Separation of pure ““Y from a ^^Sr-’^Y mixture by co-precipitation 
with ferric hydroxide 

{Reccncd 27 December 1962, in leiiied form 7 Fchiiiuiv 1963) 

( o-PRECipiFATioN With feme hydioxide has been used as a standard method lor separations in radio 
chemistry However, because of the poor separation, repeated precipitations are necessary, making 
I he opeiation rather complicated Ihc puiity of '“’Y separated by co-prccipitation with feme 
hyilroxide is especially inferior to that separated by other methods such as ion cx._hange and solvent 
I xtiacti'in'", and the poor separation may be due to the strong adsorptive power of gelatinous 
hydrated feme hydroxide 

Recently, the author observed on titrating pyridine’-’ that cohesive and clean ferric hydroxide 
was precipitated from a feme chloride solution This suggests that pyridine may he used to overcome 
tile difliculties arising from the gelatinous precipitation, and an attempt was made to obtain a high 
vlcgree of separation of “"Y from a ‘"’Sr-“'’Y mixture based on this observation 

About 10’ counts/min of a carrier-free ''‘’Sr-'"’Y mixture was taken in a 50 ml beaker, and a 
I ct I, solution containing 1 mg of Pc'” was added For the sake of comparison, •’’Y was first pic- 
vipitatcd with dilute ammonia water Without adding both KjSOa and SrCl. as carrier, almost all 
'he ""Sr and '"Y was co-prccipitatcd and the decay curve soon reached a stationary state In this 
c ise the degree of contamination of ““Sr was 7 2 x 10 * (Curve 1 in Fig 1) When 2",, of KjSOi 
w IS added, separation of ‘"Sr and “"Y took place and the degree of contamination of ‘“'Sr decreased 
'o ibout one tenth of that previously (8 6 \ 10*’, Curve 2) Addition of 1 mg of Sr-’^ reduced the 
degree of contamination further (3 7 s 10 ”, Curve 3), and the least degree of cevntamination of 
' 'Sr was obtained by adding both K 2 SO 4 and SrClj (2 0 \ 10 ”, Curve 4) 

'' Y Kooa, S Matsuo, H Kimura, M Yoshimoto, K Tanara, S Fnomoto Reports of the 
fiovernmcnt Industrial Research Institute, Nagoya, 8 , 30. (1958) 

’ 1 F Trfauwlll, W r Hail, Aiialytica! Chemntiv, Vol II, 9th Edition, p 495 , Wiley New 
York (1942) 


9 



734 


Ni>tes 



FiCi I 

When pyiidinc was used as a precipitant a low degree of contamination of the ordei of 10“ ‘ was 
easily oht lined c\cn without adding K^SOi and a earner lor ""Sr (2 7 10 Curve 5) In this 

ease the precipitate was tormed at a higher rate than in the case ot ammonia water When 0 1 — ^ 5 
of K.SO, was added the degree ot contamination decreased futther as the eoneenliation of 
was increased, reaching a value ol ~-IO ' <0 i K.SO,, 6 3 lO Curve 6, J KjSO,, 3 8 
10 ", Curve 7. 2"o K.SOj, 4 2 10 \ Cuivc 8. 's"., K,SO„ 3 7 10 C Curve 9) fhe lowest 

degree of contamination was obtained by adding SrCF simultaneously, and was 3 2 • 10 " lor 2",, 
KjSOj and 0 2 mg Sr-‘ (Curve 10) 

It seems that fciric hydroside is the ptincipal cause ol the above phenomenon, which may be 
related to the fact th.it pyiidiiic and SOr ions decrease the OH“ ion concentration in the solution 
as well as the degree of hydration of (erne hydi oxide, which are accompanied by a remarkable decrease 
in the absorption of ""Sr 

Yosmo Kooa 

Goveniiticnl fiuliiiliiul Rescai cli f/isliiiite 
Nagoya 

Hirate-machi Kita-ku Nayoya, Japan 


A spectrophotometric investigation of the synergic solvent extraction system 
uranyl ion/tri-(n-octyl) phosphine oxide (TOPO)/di(2-ethylhexyl) 
phosphoric acid (D2EHPA) 

(Received 25 January 1963) 

For the system uranyl ion/tri(n-octyl) phosphine oxide (TOPO)/excess di(2-ethylhexyl)phosphonc 
acid (D2EHPA) m kerosene the ratio TOPO U in the complex formed has been investigated spectro- 
photometncally using the method of continuous variatierns The principles of this method have been 
described in detail for instance by Vosburgh and Cooper'** 

W C Vosburgh, G R Cooper, J Amer Chem Soc , 63, 437 (1941) 
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Three mechanisms arc considered for the formation of the UOj='/D2EHPA/TOPO complex 
responsible for the high uranium distribution cocflicient in a solvent extraction system consisting of 
a sulphuric acid aqueous phase and an organic phase containing kerosene, D2fcHPA and TOPO 
These arc as follows, where the particular reaction is given fiist, followed by its representation in 
gener.il symbols 

I UOofX^XFlX), i n R3PO U02 (Xj)(HX),{R 3P0)„ 

ACj I /iB^ACnB,, 

(Bi AKF ct a ! n - \) 

II U0,(X.)(HX),(H,0),„ 

I /iRjPO,^^ U0.(X2)(HX).(H,0),„. „,(R3P0)„ I-/ 1 H 3 O 
AC,W„ ) «B,^ AC,W,,„ „,B„ f n W 

(Irvino and TdciINTOn'^', n I ) 

III LJO.fXjKHX), 

T/iR^PO^— -UO„(Xn)(HX),, ...(RjPOK -I «/2 (HX)^ 

ACi + 71 B r — =■ AC (2 „ 2 iB„ 1 "12 C 
(KrNNroy,"'*' 77 ) or 2) 

Tor all three mechanisms the follossing side reactions must be taken into account'''’ 

(a) B i ^BC, K,. -- 100 | 50 

Cj c, 

(b) B ! 1/2 Cv--BC,/ 2, — ^-K»---30±5 

<"2 C4 ' 

C IS written for X™, the dimeric D2rHPA anion, as well as for (HX),, the undissociatcd diineric 
021 HPA, for sake of simplicity The equilibrium concentrations of the components B, C, BC, 
BCi /2 and W are designated as Cj, <5, r, and <; The symbol lor the equilibrium concentration 
otthefA I C) complex is r, that for the (A 1 C r B) complex is r, 

Wc h.ive demonstrated for all three types of reaction, considering in esery case both side reactions, 
that the method of continuous variations is suitable for the determination of the ratio TOPO U ( n) 
in the UOj/D2FHPA/TOPO complex Similar to the calculations of Voshurgh and Cooper'*’ 
wc have derived lormulae 11 f (\,„) lor the three cases to be considcicd here The following 
symbols and relations are used 

V volume fraction of primaiy solution B (TOPO) in the mixture 
1 — X ^ volume fraction of primary solution A (U) in the mixture 

D extinction of the mixture after the reaction has reached equilibrium 

i-ld, " sum of the extinctions ot the components before the reaction has taken pLice 

Y D - 

V,,, v-value for the maximum (or the minimum respectively) of Y 
It IS found that the simple formula 

u v,„/(l - v,„) (1) 

IS valid if the component C is present in so great an excess as to allow the amount of C formed or 
consumed by the reactions to be neglected If a change in the concentration of C caused by the 
reactions has to be taken into account n =- f ( x „) takes the following foim 

- (_ I o.'O ! or. I I V«)(rj Oy ‘ 

” 1 - M(1 - .v,„)(4r, - 40, - 3c J 

’ C A Blare Jr el al , Pioc 2ncJ Geneva Coif 28, 289 (1958) 

'H Irving, D N Eoginton, 7 Jnoii,' Nucl C/itv« , 15, 158 (1960) 

"I Kennedy, AERE-C/M-369' (1958) 

J Kennedy, A M Deane, 7 /norg NiicJ C/icwi , 19, 142 (1961) 

’ H Ihie c/ a/, Report Jul-74-PC (1962) 
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for reaction type (1) including side icadions (a) and (b) 

( ,r„ (4<2 ; bfs ; 6 r„)(r, i <5 i (^) 

,1 ( -5 ) 

1 v,„ IV1(I -4<j bt, (u „) 

loi icaction Ivpc (III! iiKliKling side reactions (a) and (b) M is the concentration of the primary 
solutions in niolcs;l 

I he equations (II, (2) and ( 3) base been derived (or the condition that all mixtures lor the complete 
set ot continuous vari.ilion espenments are prepaicd with the same initial concentiation of C and 
that the cstinction cocdicicnts of the components H, C, BC BC,/, and W can be neglected 

I he treatment ot leaetion (II) yields the same lesult as that (ot type ( 1) (1 e eqn (2)) provided that 
(he amount ol Iree watei present in the solutions befoic reaction (II) takes place is negligible compared 
with that set Iree in leaction (II) 

Lising equations (2) and (3) together with espiessions lor limiting values of r,, r, etc derived 
Irom the equ itions loi these eoneeiiliations it is possible to calculate upper limits lor the second 
term in equations (2) and (3), giving the deviation ol 11 fiom the experimentally determined value ol 
I - v,„) lor a given initial eoneentiation ol C A lower limit for the concentiation of C can thus 
be deiived (01 a set ol experiments to which equation (1) applies An additional set ol equations 
eonneeting /i. the eoneentiation r,, ind the dissociation constant A,, ol the L'O ,/D2LHPA/TOPO- 
complex 111 an implicit loim can be deiivcd by the metheid of H \CiLNMUL1 fr'" These equations 
ein be applied to deteiminc limiting values (or Cj anil A'j and they supply additional intormation 
limiting the iKcessaty initial eoncciitration in C’ to leiwci values than those set by the above mentioned 
expi essions alone 

E\[K‘i inu'ius luht i<'v«/tt 

Measurements were made between 4500 and 3900 A with a ('aiy No 14 speetrophotomctci 
Because of the small dilieiencc in absorption between the lJO,.-7I721 HPA-eomple\ and the DO,"' I 
1)21 HPA/ rOl’O complex the absoiption of each (UO^-’’ I- D2EHPA H lOPO) solution was 
measured against a reference solution conlaining the same concentration of UO.-^ and ot D2t.HPA, 
a coircction being applied for the vciy slight absorption of the lOPO The solutions were 10 ® to 
10 - 3/ in uianium and TOPO and a large excess of D2EHPA (0 13/) sceuicd that (he sole VOJ 
D2LHPA-comple\ (containing no TOPO) piescnt in the solutions was the UOj Xj (HX).*-’ 

Curves of Y /(\) at several dillercnl w.ivc lengths A all reach (heir maximum tvr minimum 
at v,„ 0 5 1 0 02, and the curves V /{?) pass Ihiough zero at several dilfercnt A-valucs that 

arc independent of v These results arc only possible if in the concentration range investigated there 
is only one complex U/D2rilPA/TOPO 01 it all existing complexes lJ/D2H}lPA/n TOPO have the 
same molir extinction cocflicient as the one with 11 1'" 

It follows from v 0 5 that vve have proved the existence of a complex with a TOPO U ratio 
of n 1 111 the concentration range investigated, since the formation of polynuclear complexes is 
excluded by the results ot Bafs cr u/'” By the methods outlined above the maximum deviation ol 
/I from (he value v,„/( 1 x„.) can be calculated to be 4"(, under oui experimental conditions Upper 

limits for the dissociation constant K,, ot the U/D2LHPA/ TOPO complex can be calculated from the 
upper limits lor e, and r, together with lower limits for e, and c. For the ditlercnt mechanisms 
considered we have obtained the lollowing results 
Mechanism I A', I 4 10 ^ 

Mechanism II K.i 18 10 - 

Mechanism III Kj 7 5 10 * 

Aibciisqiiippe 

/Vi) ’iika/isc he Cliemie der hi A Jidich e D 
Ini Insntut fur Physikalnche Chenue dtr Uiiirenilal Bonn 
Bonn, H'e'pcleislr 12 

P HaciFnmulli R, C R Acad Sci Pans, 230, 2190 (1950) 

H L SCHLAFER, In Komplexhddunp in Losung 232 Springer, Berlin ( 1961) 

C F Bais el al , J Phys Chcni , 62, 129 (1958) 
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Preparation of technetium metal 

{Received 14 February 1963) 

TbCHNLTiuM nictal has been prepaied in bulk by reduction of the heptasulphide or of ammonium 
pertechnetate with hydrogen gas It has also been reported that technetium at tracer level can be 
electrodeposited from baths of 2N sulphuric acid containing a trace ol fluoride We have prepared 
technetium metal in bulk by eleclrodeposition, and also by decomposition of ammonium hexa- 
chlorotcchnetate 

Films of technetium metal 5 mg/cm* thick have been electrodeposited on to copper, using a 
plating bath of 0 2% technetium as ammonium pertechnetate in 2N sulphuric acid, and a platinum 
anode The current density was in the range 25-30 mA/cm^ Agitation was by means of a circulating 
pump, giving a Flow rate of 50 ft/min across the electrodes, and the bath was initially at room temper- 
ature, rising during the process to about 40"C We have found that on our scale of operation the 
addition of small quantities of fluoride (N/lOO), to the bath does not affect the process in any way 

The technetium plates as a bright silver deposit, but deposition stops after about a quarter of the 
total technetium has been deposited This is due to the accumulation of a brown compound of 
technetium, formed by reduction of ammonium pertechnetate, in the bath We have established 
that this brown compound docs not move under paper electrophoresis, and contains 4-valent 
technetium 

Complete deposition of the technetium may be obtained by the continuous addition of small 
quantities of hydrogen peroxide just sufhcient to oxidize the brown compound back to pertechnetate 
as the process continues 

It is of interest to note that reduction at a mercury cathode gives a technetium amalgam, and under 
these conditions 100°,'; of the technetium can be deposited, although the brown compound is observed 
in the solution 

We have also prepared technetium metal, as mentioned above, by heating ammonium hexa- 
chlorotcchnetate [(NHi)^ IcCI,] in an inert atmosphere, eg nitrogen, at a dull red hc.ii The salt 
does not melt but decomposes under these conditions to leave technetium metal as a hne silver-grey 
powder We have found th<tt rhenium metal may be prepared in a similar w.ny, from ammonium 
hcxachlororhcnate 

J D Eakins 

AbRt, haiwill D G Hl'MPHRIFS 

Dukot, Birks 

J W CoBBLi , C IVI NtLSON, G W Parker, W T Smith, Jr , G t Bos o, y imer Chini Sac 
74, 1852 (1952) 

’’’ G E Boyd, / Chem Educ 36,3 (1959) 


Synthesis of anhydrous aluminium perchlorates 

{Received 2S December 1962) 

The application of 2,2'-dimcthoxypropane for the dehydration of hydrated inorganic salts, as well 
as for the synthesis of new coordination compounds of certain transition metal perchlorates, has been 
reported recently 

Anhydrous aluminium perchlorate, a possible starting material for the preparation of aluminium 
pcrchlorate-amine complexes cannot be obtained by heating any of the known hydrates and the 
inhydrous perchlorate prepared by Acerete and Lacal’s method, which cannot be used in ^iiu, 

K Starke, y Inorg Nucl Chem 11 , 77 (1959) (incl ref cited therein) 

'D W Meek, R S Draco and T S Piper, /nurc Chem 1, 285 (1962) 

J G Aceretf and Y R U Lacal, Ren Acad Cienc Zaragoza (Sene', 2A), 9, 117 (1954) (incl 
ref cited therein) 
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imposes the (.iiingei ol h.indimg tins verv shoek sensitive mate'iuil Thcretoie, the re.ietion ot 
Al(CK),)j ‘Hl.O with 2 2 -ijimethosypi op.ine wns studied Jt vviis found th.il the lesulting rcuetion 
niixtuie eun he used lor the piepurution ofunhydious dluminiuni perchloruteeoordinationeompounds 
The piepudtion ol AUClOj), 3 pyiidme is dcserihed to illustrate the utility ol this prexedurc 


L \pci I men I II I 

All leaetioiis and manipul itions wcie earned out in an argon atmospheie Al(CIO,)j 
(Cl f- Smith C hem < orp ), 2 2 -dimethosypropanc (b p 77 -82 ). and pyridine (Matheson, Coleman 
and Hell) viere used logethei with soditim-dncd ether as a v\ash-lie]uid 1 he inliared speetia weie 
obtained with a Pei kui-1- line r Inirieord Model 1 37 using standard KHr-pellct tcchnieiues X-iay 
powder data we'ie oht. lined with a Noieleo X-Rav-l3i(Traetomctcr (C u-Taigct and Ni-Pilter) A 
Cary speetio|ihotometci was used to obtain absorption speetia in the visible lange 

When 2 4g (0 00s mol ) ol AI(C lOj), OH 33 was stiried with 25 ml ot 2,2'-diniethoxypropane, 
the perehloiate elisseilved in the acelal loiming at lirst a yellow bottom layer and a eolouilcss top 
layer 1 he dehydiatioii proeceded with an mere ise in eolotiialion (yellow-biown to brownish-icd ) 
ol the bottom l.iyei liili.ued samples taken at lOniin intervals showed that methanol, lormed by 
the interaetion ot 2 2'-dimetheisypiopanc with the hydrate vv.is eselusively in the bottom layer 
(eontaming the AI(C 1C) , ) , as a solvate ) Aeetone eould be obsei ved in beith layers in equal amounts 
Altei 3 111 the solution turned eoniplelly led-brown, the addition ol 4 ml ol pyiidine decolourized 
the seiliition immediately, and a white preeipit.ite lormed I he eompound w.is lilteied, washed with 
ether, and dried nndei high vacuum Anal Caled lot AllC 10)1,4 Pyiidinc Al, 4 2, Cl, 16 6, 
N, 8 72, C, 37 7 H 3 1": I ounel Al. 4 I. 4 2, C I. 1 7 1 , 1 7 0, N S 71 C 37 4, Jl, 3 0"„ The 
infrared speetium showed the billowing ,ibsorptions 3420(vs), 308t'(s), 2830(s) 2050(s), 16t5(s), 
I6l0(s) I530(s), 148()(s), 1340(vv), I25()(vv), Il50(vs). 1 6001 vs), 9441 w), 758(vs), 682(vs) [em '] 

An X-Ray powder phottigraph indicated a eiystalline struelurc The observed data aie listed 
below 
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1 mlcnsily estimated 

OnciisMim 

The dehydi.ition of AI(C 10,)j 9100 using the 2,2'-dimetho'(ypre>panc system repiesents an 
.ilternatc route to the prepaiation of anhydrous aluminium perehloiate eooielmation compounds 
As reported previously,”’ such dehydratiems proceed Ihiough the formation of 2 meiles of methanol 
and I mole of acetone pei mole water The colouration of the solution duiing the dehydiation”' 
possibly lesulted liom the presence of small amounts of HC lO, which is known to pioduec eoloureil 
solutions by interaction with acetone A solution made Irom 70"„ HCIO, and acetone in a 1 5 
volume ratio had a similar absorption spectrum as observed for the original i cacti on solution (434 5 m/' 
490 0 ni/0 The presence ol HCIO4 could be explained by a reaction such as 

1 AKClO,), i;(CH,OH) HCIO 4 , AI(CI(),), OCH 4 (/i DfCH^OH) 

The addition of base could either consume the product on the left stde ol the equation or eould 
neutralize the acid directly After the addition ol a small amount of pyridine the colour disappeais 
and the white precipitate forms 

Debye-Scherrer Powder diagrams of the pyridinc-aluminium perchlorate complex show a eryst.al- 
linc structure, possibly of tetragonal symmetry The available infrared data are not very helpful in 
indicating the nature of the bonding between the pyridine and the aluminium cation Studies on the 
structure of the pyridine complex and on coordination compounds of aluminium perchlorate with 
ditfercnt ligands are under investigation and will be the subject of a further communication 

Similar reactions with Mg(Cf 04)4 6 HuO and Li(C 104 ) SHjO remain eolourlesss during the 
dehydration (unpublished observations) 
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The thcrmogravimetric analysis of some complex oxalates 

(Received 10 February 1963) 

In the couise of a study into the decomposition of a number of inorganic oxalates the thermogravi- 
nictric decomposition in air of chromium potassium oxalate Cr^tC Dj), 3K .C^O, SH^O, sodium 
chromium oxalate Cg(CjO,)j 3Na.CD, 5tFO and potassium titanyl oxalate, TiO C^Oi K.CjO, - 
2HjO have been cairied out 



I'jo aoo *00 ano soo eoo roo 800 900 looo 


Temperolure, “C 

Flo 1 Thermogravimeti 1 C decomposition of complex oxalates 
I Chromium sodium oxalate 

J1 Chromium potassium oxalate 

III Titanyl potassium oxalate 

IV Chromium oxalate 

I he apparatus used was an automatically recording decomposition balance in which the rate of 
heating was 67min The recorded traces were analysed and plotted as percentage weight lost (m) 
'gainst temperature (TX) (Fig 1) Each sample was first heated at 100 C until constant weight was 
aUaincd, which accounted lor the loss ot some water in each case 

The decomposition of the double salts of chromium can be compared with that of the correspond- 
ing simple oxalates The decomposition of chromium oxalate, Crii(Cj 04 )j 6HjO proceeds directly 
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to Cr^Oi without any intervening plateau corresponding to the anhydrous salt (see figure) and is 
complete at 400' C Sodium and potassium oxalates are very similar to each other in behaviour, the 
potassium salt being the less stable The decomposition temperatures are (a) M^C^Oj M^sCOa, 
500 hOO C (M K), 550 600 C (M =- Na), (b) M.COj M,0 , 800-900X (M K), above 
950 X (M Na) 

1 hese temperatures agree with those reported by Akm an*" for the first stage of this decomposition 
1 he most plausible interpretation of curves I and II which can be undertaken at present rests on 
the .issumption that water in excess ot that in the formulae can be taken up, but is lost at ]00"C 
the extent of this dclie|uescenee is quite considerable 5 5 water molecules having been adsorbed 
bv the potassium silt and 2 H by the sodium salt 

The slow part of each decomposition up to about 100 C can be accounted for by the loss of more 
strongly combined water The theoretical values of IK for the loss of the water ot crystallization are 
I 5 5 for the sodium salt and 19 0 for the potassium salt so that the first plateau on curve f does not 
occur until the compound has decomposed beyond the dehydration stage I his is in contrast to the 


I ABLt I - SfACtFS tN nil nitOMHOSITlON laF POIASSILIM riTANYI OXAIAIFS 


1 xpcrnncnlxil 

M 

rempcratiire 
range ( C) 

Possible product 

Ihcoretical if 

1 1 5 

100 

K.TiO (CjOjIj 

10 5 

19 41 

400 475 

K.CO, TiOj 

38 5 

46 5 47 5 

525 -600 

K,0. TiO, 

46 5 

50 5 

650 750 

K,0 TiO, 

50 5 

55 5 

850 900 

K,0 fiO 

54 5 


simpler oxalates The next stage in the decomposition which is complete at 450 C for the sodium 
salt but finishes rather more slowly in the case of the potassium s.ilt, continues until the most stable 
oxides of each metal remain (5MjO, f Cr^O,) Theoretical values of w based on this assumption 
arefK,62 6 (M Na), and », 59 4 (M K) Samples of the two double salts of chromium heated 
to between 900-950 ’C showed no trace of carbonate in the residue 

Although a certain amount of instability is shown by both these products, this interpretation 
would be in accord with the notion of oxalate ions co-ordinated to a central chromium ton 

The decomposition temperature is similar for each compound and higher than that of the simple 
chromium oxalate, and this is compatible with the expected stabilizing effect of complex formation 
Such an explanation is also supported by the absence of carbonate in the solid residue, as indicated 
by the chemical tests, or by calculations based either on the stojchicrmetric formula or the formula 
used in the interpretation of the results 

In the case of the potassium titanyl oxalate no information regarding a simple titanyl oxalate 
could be obtained Attempts to prepare this salt by a method quoted in the literature'®' were not 
successful A comparison of the five experimental plateaux with possible products is made in Table 1 

One of us (D N ) wishes to thank the D S I R for a research grant 

The Chemii try Dept D Doilimorf 

The Royal College of Advanced Technology D Nicholson 

Salford, Lancs 

S Alkalan, Rev Fac Set , Unw Istanbul 21C, 184 (1956) 

J Robin, Bull Soc Chim France, 1078 (1953) 

(Sip p Bhatnager and T Banerjef, / Set Ind Res 158, 715 (1956) 
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On the decay of ''^Zn 

(, Received 15 November 1962) 

rub DLCAY of wds first investigated by Siioll and Glenuenin'*’ I hey separated zine from other 
lission products of *“‘U and measured a half-life of 49 hr By the aluminium absorption method they 
found a main /f-component ofO 3 MeV energy andapossiblc)f-componcntof low intensity andof about 
1 6 MeV energy A redctcrmination of the half-life by Kjelbekg ei al yielded a value of 46 5 hr A 
40 msec isomeric state of ”Ga of 100 keV energy, studied by (n, y) reaction on "'Ga, is also known'’’ 
The aim of this work was to gather new information on the // and /-rays present in the decay of 
’■’Zn While it was in progress, Thwaites'^’ reported tvvo /-rays at 144 __ 2 keV and 191 4 keV 

with an intensity ratio of 10 I , they did not appear to be in coincidence He found no /-rays which 
would account for the dilTerence between the /1-rays at 0 3 and I 6 MeV Besides these two y-rays, 
other transitions of lower energy and intensity, including a 100 keV transition being probably the 
isomeric transition of "’'"Ga, were recently observed by Ha(,fiio et a! 

In our work, ”Zn was produced in thermal neutron fission of -’’U Because of its very low fission 
yield, high initial activities were necessary targets of about 200 mg of 90 per cent enriched “’U were 
irradiated during 2 days in the BRl reactor at Mol The thermal neutron flux was of 4 5 10“ 

neutrons/cm’ sec The sample was allowed to cool for I day The separation chemistry of zinc followed 
that of SiFCiEL and Gefniifnin*" based on precipitations of ZnHgtSCN), Because of the high activity 
of the target, the initial step in the separation, dissolution of the uranium and the first precipitation of 
7nHg(SCN)4, was performed by remote control Turther purifications were necessary passing the 
solution in HCl 6M on a Dowex I ion exchange column, from which the zinc was eluted with water, 
tollowed by extraction at pH 4-5 with dithizone and back-extraction in HNOjO 2 M However in 
some experiments contamination by other fission products did still interfere (up to 10 per cent of the 
“Zn activity) 

The /-spectrum was measured with a 2 ■ 2 in Nal(ri) crystal and recorded on a multichannel 
analyser Peaks at 147 I 2 keV and 194 |- 2 keV were observed The intensity of the 194 ke' peak 
was of 10 -fc 0 5 per cent of the 147 keV peak No coincidences between these /-rays could be found 
using a fast-slow coincidence circuit of resolving time 2t 2 \ 10 * sec No >'-rays of higher energy 
belonging to '“Zn could be detected These results confirm the work of Thwaitls Owing to the 
presence of contaminants, the /-rays of lower energy and intensity seen by Hagfbo et al were not 
evident in this work 

Before radiogenic growth of 14 h '-'Ga could interfere, the /9-spcctrum of freshly separated samples 
of’-'Zn was measured on a 2in x 0 5in windowlcss anthracene crystal and recorded on a 256channel 
analyser in coincidence with the intense 147 keV /-peak The resolving time of the coincidence 
circuit was 2t = 2 /isec and the thickness of the sources was of the order of a few mg/cm’ The Kune 
plot showed a jS-ray of 0 26 1 0 02 MeV maximum energy Among other standards the 0 26 MeV 
/l-ray of ‘'’Ca was used 

J M SiEOEL and L E Glfndenin, paper 53 In Radwihemual Studies The I ission Products, 
C D Coryell and N Sugarman (Editors) NNES Div IV, 9 McGraw Hill, New York (1951) 

’ A Kjflberg, H Taniouchi and L Yaiee, Canad J Chem 39, 635 (1961) 

"F C Campbell and P F Ffttwfis, Aiic/ Phys 13,92(1959) K F Alexander and V Bredel, 
Nucl Phys 17, 153 (1960) P F Fettweis and E C Campbell, AfiW P/iis 33, 272 (1962) 

1 T Thwaites, Bull Amer Phys Soc scr 11, 7, 341 (1962) 

' A Kjelberq, private communication E Hagebo, A Kjelbero and R Nordhaoen, to be 
published 
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I videnec sesms eoiicUisut th.il j 1 6 MeV /J-component is dbsent in the decay of'-Zn Although 
tslr.ipoLuion lioiii the stiaight line joining the energy difleienccs between the known Ga and Zn 
isohais of even mass, as given by Was and Wfxio would predict an encigy diOerenee of 1 5 MeV 
between giound states ol " Zn and "-Ga, while t ameron s mass formula' ’ shows a 1 14 MeV mass 
dilleienee, the ohseived one is only ol about 0 41 MeV 

I he assignment ol spins is pu//hng Although the low intensity j'-iays observed by IlAC.nio </ a! 
were not studied in this woik, it is obvious that the mam bianehmg in the dee.iy of the even-even 
niielciis "-/n passes thiough the 0 26 MeV /)’ and the 147 MeV j’-transitions The log ft value for the 
ji-r ly IS close to 4 “i which is compatible with an allowed tiansition and indicates a 1+ or 0'^ spin lor a 
" Cia level at 147 keV Ifiieaehthe 1 spin of the giound slate''" t he latter should dcc.iyw ith an M2 or 
111 1 1 imiltipolai ilv 1 he theoietieal ledueed ti msition piobabihties lor such a transition arc loo 
small to be eonsislenl with the I'l-y eoiiieidenee me isurement Due to this diserepaney, no eleai 
eonelusions can be elrawn ftiun our work 

iikiifni h nil iii\- We wish to think < V vs! DIR VoRsr lor the leniote eonliol operations, 
A Si'll ( Ki lor some /me puiiheations and I ( oi ard lot handling part ol the eoiinling We arc 
indebted to \ Kill m no loi eonnminieating unpublished data on ’-Zn ' ’ 

f <ll!ll d / Huh (/(' / / llill^H- jSlIl/ttllU 
Mill, lli'/'^’iwii 

"" K Wav and M Wood h'lm Ric 94, 119(1954) 

‘■’A Cl W tAMLRON Al-C L report no 433 (1957) 

Nueleai Data Sheets Nation il Academy of SeieiieC, N.itional Reseaieh Council, Washington, D C 
NRC-‘i9-2(i 
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Potassium pentachlorovanadiiim (111) 

( Rea n cd 27 Oclohci 1961, in lerised Jorni 25 Fchnini\ 1963) 

SrvLRAL salts eil the ion [VCL,HjOj- were repoited in 1904 by Siaiii i r“’ I hesc weic piepated by 
evaporation ol solutions under an HCI atmosphere He reported that thcimal decomposition ol 
these salts led to osyeompounds I he only other work on halide com]vlc\cs of V(lll) that has appeared 
in the liteiatuic is a study of fused salt systems by Hick'-’ which revealed the existence of K-VC4, 
We have prepaicd KAC^dfLO by a dillereiit unite and have dehydrated it to stable KjVCb 
1 he hydrate was piepared by dissolv mg VCLt in eoneenlraled 1 1 3 N HCI to give an 0 5 M solution 
KC I was then added to give I 0 M K' Care must be taken to maintain an men atmosphcic (e g , 
Ar or N^) by using a closed Pyres vessel equipped with reagent inlet and outlet lubes and a sintcicd- 
glass disc for filtration in the absence of air Hydrogen chloride was bubbled through the solution 
lor 18 hi During this lime the mixture was cooled to -30 C Green ciystals of KWCL, 4H.O 
separated from solution and weie washed with diosanc or CCI4 Ihe mother liquor might be more 
circetively removed with more polar organic solvents if it were not fur their destructive cITcet on 
KjVCI„ The lelrahydrate is hygroscopic When heated in Ar or to 100-125 C, this letrahydratc 
readily loses all ol its water to form violet K ACI, 

Potassium pentaehloiovanadium (HI) is a pink hygroscopic erystallme solid It is thermally 
stable in air to 270 C and in Ar to 400 C The decomposition is complex with little VCI4 being 
evolved and mixed valence slates are found in the lesiducs A powder pattern was obtained for 
KiVCIj using filtered Cu radiation and a Straumanis-type X-ray ditfraetion camera tif 57 3 mm 
radius The complex pattern obtained probably represents a monoehnie or trielime structure A 
structure similar to that of TLAIFr,®, where molecules share an anion to gain octahedral coordination 
in a chain structure, seems improbable from a comparison of patterns 

“'A SiAHLtR, Bcr 37,4411 (1904) 

G Beck, Z anorg allgem Chem 174 , 31 (1928) 

"" C Bosset, ihid 235, L39-47 (1937) 



Letters to the editors 


743 


T he solubility of KjVCU m the common organic solvents, acetone, ether, dioxane, methanol 
and n-propanol, was moderate and proceeded by decomposition of the complex, giving a solution 
of VCIj and a prccipiLitc of crystalline KCl Chlorination of K^VCI, by CL begins at 190 C, yielding 
VCIj V ipoiirs and a KCl icsidue 

I he authors are indebted to Mrs Gloria Faiilring for conducting the X-ray examination 

Union Cm hide Metal\ Company P H Crayton* 

W A Thompson 

* Present address The Carborundum Company, Niagara Tails, New York 


The structure of some new mixed metal oxides containing lithium 

(.Riiewed 18 tehmurv 1963 ) 

In 111 ! course of an investigation on the crystal chemistiy of compounds with spinel structure we 
picpaicd some new mixed metal oxides containing lithium, \i/ LiMg„ ,Ii, ,Oi, 1 iCo,, ^'I i, 

1 it Lio ,Tii ,0, and LiZn,, jCi, .Oj , LiMnliO, and LiCialiO,. LiCrMnO,, LiRhMnO, and 
I U iMrij, |Oi, all with spinel structure and LiGaGcOj with phenacite structuic 

These compounds were prepared by heating an intimate mixture of high-purity oxides or 
carbonates (or several hours at 950 C in an atmosphere consisting ol an 80 20 mixture of oxygen 


rAIlLL I -NlW MIXIl) Ml lAL 0X11)1 S CONTAIMNC. LITHIUM 




1 

attice 

Cation 

r'ormula 

Sli ueluie 

parameters (A) 

distribution* 

I lMg„ ,Tl| r,Oi 

spinel (with superstructure) 

a 

8 37 

^ 1 In Algo Jl III ,1 h s] 

1 iCOli r, fli ,,Oj 

spinel (with supci structure) 

a 

8 36 

^ Ll„ ACo JLlo Jl, i] 

LiCii,, , 111 (,0, 

s|smcl 

<t 

- 8 39 

^ Ltf, -C 1 i|) hC. U(i 2 1 h oJ 

LiZoo 5 T 1 , ^ 0 , 

spinel (with superstructuie) 

a 

8 37 

^ 1 i„ ,Zn„ ,[Li„ 5 T 1 , d 

LiMnTiO, 

spinel 

a 

8 30 

Li[V1n’'Td ] 

LiCia 1 1 O 4 

spinel 

a 

8 28 

Liq jOHi, -[Liq -CjiIq tTi] 

1 iGaGeO, 

phenacite 

a 

13 9" 



i 

9 29 


1 iCrMntJ, 

spinel 

a 

8 19 

Li[Ci ' Mn' ] 

1 iRhMnO, 

spinel 

a 

8 30 

Li[RIC Mn> ) 

1 I ( L, M , 

spinel 

a 

8 19 

Li[Lij 


* octahedral site cations between biackcts 


and carbon dioxide X-ray diagr.ims weie obtained with a Philips X-ia) dilTi ictonictcr using CoKx 
or t uKa radiation A survey of our results is given in Table 1 1 he lollow ing tacts .ire noteworthy 

(a) I he cation distribution of the spinels LiMcJ , Ti, iO, was calcul.itcd Irom the intensities of 
the X-i,iy rencctions st.irting from the model Li „5 jMcJs i ILi,, «, rMcj ' Ti, JOj with ideal oxx gen 
p.irametcr (« 0 375) Tor the compounds with Me Mg, Co and Zn we found 0 \ 0 1 for 

the one with Me Cu \ s^O 2 (reliability index R about 1 3 per cent) Besides the spinel reflections 
we toiind the same supcistiucture rellcctuins as have been lound for oideied lithium ferrite 
I clLi„ .Fc, JO,'" This mcans'that m these titanates we have a 1 3 older of mainlv LL and Ti“ 
ions on octahedral sites 


T B Braun, Nature 170, 1 123 (1952) 
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The spinels LiCo,, ^Ti, >0, and Li7n „, 111504 can be compared with those leported recently 
by Ditrit- and Joi'mut“', viz LiCo„ ,Gc, jOj and LiZpo bGc, 5O4 with analogous cation distribution 
and superstructure We believe that the occurrence of the tetravalcnt 10 ns on the octahedral sites 
m these compounds is favoured by anion polarization'”, which is large for the distribution with 
these ions on oct.ihedral sites 

We did not succeed in pieparing 1 iNi,, jTi, 5 O 4 

(b) 1 he cation distiibulion of (he spinels LiMe'’* ii‘'Oi depends strongly on the nature of the 
Me'" ion All spinels ol this type so tar obtained have the Li^ ions on tetrahedral sites, except 
1 iFeTi 04 (in which 0 5 1 1 ' 1 0 5 Fc"^ are on tetr.ihedral sites)'-” and 1 iGaTiOa, for which from 
the intensities of the \-rav refleelions we found approximately 0 3 Li ' ; 0 7 Ga" ^ on tetrahedral sites 
The X-i.iy diigram of slowly cooled LiGaTiO, showed a number tsf weak superstructure lines 
which arc indcntical with those found for LiZnSbOj"’ Probably there is a 1 1 order on the cKta- 
hedral sites between the LF and the ions, which is p.irtlv disturbed by the small amount of Ga ' 
ions on these sues A sample of LiCiaTiO, quenched from 1000' C did not show any of these extra 
X-ray rcfleetions 

(e) Since the Mn'‘ ion is isoclcetromc with the ('r-'' ion (Tr/-*) we expect it to have a marked 
preference for octahedral sites This is confirmed by the cation distiibutions found experimentally 
Since the X-ray reflections (220) and (422), to which only the tcliahcdral site cations contribute, are 
absent, the tclrahcdial sites aic completely Occupied by lithium ions 1 c the Mn*+ 10 ns are on octahedral 
sites It must be borne in mind however, that the distiibution found will be stremgly stabilized by 
anion polarization Magnetic measurements on these compounds are being cairicd out at present 
A discussion of the crystal chemistry of the m.itcrials reported in' ” and in the present communi- 
cation will be given in a future paper 

ztcA./ioM/cdi.w/ic/it - The compounds Li T i, 5 O, were prepared by Mr D J SrHipriit, to whom 
our thanks arc due 

G BiAssr 

Philips Rt’sccnch Lahoniloi u s 
(V y Philips' (jIoi il(iirip< iifahi ii'keii 
Eiiiilliot cn-Ni flu rhiiuls 

'■"A Durii andJ Joi^hiri ( R Auu! Sii A// n 255, 2471 (1962) 

G Blassi,/ Iriorg Mud Clwui In press 
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BOOK REVIEWS 


A I Vogel A Text-book of Qualitative Inorganic Analysis (including Ilcmcntary Instrumental 
Analysis) 3rd Ed Longmans, Green, London, 1962 Pp xxx 4 1216 70s 

Vogel’s “Quantitative Inorganic Analysis’’, especially since the appearance of the enlarged Second 
Edition in 1951, has become increasingly the standard L nglish text-book on this subject for technical 
college students, undergraduates and post-graduate workers The new Third Edition appears in the 
same format as the Second and to the eye does not look much bigger, but it contains a wealth of 
additional material This has been made possible in part by the careful revision of the older text and 
in part by the addition of about 300 pages A close comparison of this edition with the previous one 
makes it immediately obvious that much re-wriling has been carried out and the texts of even the most 
lamiliar determinations carefully revised, with resulting improvements in clarity 

During the last decade, many advances have been made in the methods of quanidative inorganic 
analysis, both instrumental and in the use of new techniques and reagents It is fitting therefore that 
this new edition of “Vogel” should contain new chapters on Complcxomctric Titrations, Coulometric 
Titrations, Ion Exchange and Chromatographic Methods in Analysis, Lmission Spectrographic 
Analysis, Flame Photometric Analysis, Solvent Extraction Methods of Analysis and High Frequency 
Titrations The new matter however is not confined to the new chapters, but one finds that new 
methods and techniques have been introduced into almost every chapter In short, this is both a 
major revision and an extension of the previous edition 

In order to deal with the subject within a single volume, the Author has been compelled to exclude 
ccitain other important but lesser used techniques, such as X-ray methods, mass spectrometry, 
Raman spectrography, gas chromatography, radiochemical method', nuclear magnetic resonance 
spectroscopy, polanmetry and refractometry These arc best dealt with in specialist texts and this 
hook IS none the worse for then exclusion 

The Author has aimed at providing a text-hook which will be ol value to the student throughout 
the whole of his training and in his subsequent career, to practicismg anaivtical chemists and to all 
others who have occasion to utilise the methods of quantitative inoiganic analysis This was an 
■imbitious objective, but one which has been achieved This book is not only a relerence book for a 
professional analyst, but can be recommended to anyone with an mtciest in the quantitative tech- 
nKpics of Inorganic Chemistry vvhich should include anvone engage I in research m Inorganic 
< hi.inisli y 

F LxIK BROTHER 


E A Ostroumov The application of organic bases in analytical chemistrv (Translated from the 
Russian by D A Paterson) Pergamon Press London 1962 

I III AUiiioR IS fioin the Institute of Oceanology of the Academy of Science of the L' S S R and this 
hook IS a collection of his investigations since 1935 Fiom this research methods have been developed 
lor the analysis of rocks, ores, mineral and mai me deposits, and these methods have been tested in the 
laboratory of the All-Union Scientific Research Institute for Mineral Raw Materials as well as in the 
Institute of Oceanology 

Much of this book is devoted to the use of the bases pyiidme a-picohne and hcxamethvlcnetetra- 
mine, and roughly one half ot it deals with the piecipit.ition of metals using pyridine alone or in the 
picscnce of its salts When hydiolysis is earned out with pryidine alone a pH of approximately 6 5 is 
established in the solution, and under these conditions 1 e, Al, Cr, Ti, Zr, T', 1 h, In and Ga are 
precipitated in compact forms with low adsorptive properties Separation ol these elements from 
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Mn Ni Co 7n Cu, Cd, Mg alkjline earths and alkali metjls can be effected by this means, since for 
the elements from Mn to Cd stable soluble complexes are formed with pyitdine By using pyridine in 
the presence ol its salts a bcttci control of pH is obtained and. in the range pH 4 1 to 4 2, the separa- 
tion of Hi frerm Pb, C u and Cd can he achieved whilst Th can be sepatated fromCe^ ’ and rare earth 
metals 

Some improeernent is also claimed lor the precipitation of Group IllB sulphides when carried out 
Irom pyiidinc rathei th in from ainnuiniacal solutions For example, nickel and cobalt sulphides are 
precipitated Irom pyi idinc solutions in crystalline lorms which have low adsorptive properties and are 
not oxidi/cd by air duiing filtration Also the copieeipilation of alkaline eaith carbonates with the 
sulphide piecipitalc is eliminated undei these conditions since pyi idinc difiers from ammonia and does 
not loim caibon.itcs I his method of sep.ir.ition is suggested for the removal of macro amounts of 
these elements horn solution in the analysis ol nickel and cobalt salts for copper, magnesium and 
alkali metals By using pvridine-pyridinium chloride solutions it is possible to separate nickel and 
cobalt horn manganese with hydiogen sulphide, since the pH of the solution is too low undci these 
conditions to pcimit the pieeipit.ition of manganese sulphide II the precipitation of manganese 
sulphide is reejuned, this can be achieved liom a solution of the sample containing hexamethylene- 
tetramine However, if this sepai.ition follows that of nickel or cobalt as sulphides, it is necessary to 
lemove pyiidine fiom solution bcloie precipitating the inagn.inese I his procedure is recommended 
lor the Sepal ation of m.ingancsc in the analysis of pyrolusite and other manganese rich materials lor 
copper and magnesium, .ind in the an.ilysis ol manganese salts lot alk.ili met.ils 

This hook IS of interest to An.ilytical Chemists who use the C'lassieal Methods of Separation in 
applied analysis, especially lot Gioup HI elements Sufficient practical details arc included to enable 
anyone to e irry out the sep ii.ilieins, and in f.iet there appeals to be some repetition of expeiimcntal 
details m some parts ol the book I he ti inslator has pioeluecd a reic'able text, and only minor 
misprints were observed The book is well produced, but it is ralhei expensive 

G W C MiiNtR 


Advances m inorganic chemistr)' and radiochemisfry Vol 4, 1962 

Onl of the problems facing authors evf articles in series such as this is whether to set their subject in 
Its historical perspective or to deal only with more recent work Volume 4 of “Advances in Inorganic 
Chemistry and Radiochemistry ’ provides examples ol both approaches E Thilo, writing on 
‘Condensed Phosphates and Arsenates concentrates on a classical development of the understanding 
of these interesting compounds This article would have been improved had a fuller account been 
given of recent physieo-ehcmieal and thcoietieal studies 

The opposite approach was taken by J D Mackfn/if who, in his account of “Oxide Melts”, 
correlates the structures of these high temperature systems with their physical properties, and by 
J R Mu LFR reviewing" Recent Advances in iheStereoehemistry of Nickel, Palladium, and Platinum” 
The latter gives a good account of this field and especially etf the progress in the theoretical aspects 
of the problem Unfortunately, the most exact theoretical treatment for niekel(II) in cubic symmetry 
(Liehr and Ballhausen, 1959) was not mentioned Moreover, it would have been less confusing 
had the choice of r and y axes “between ligands” been stated earlier in the text, as the resulting strong 
field orbital diagrams are unconventional 

The potential overlap between this article and that on “Olefin, Acetylene, and 7r-Allylic Complexes 
of Transition Metals” by R G Guy and B L Shaw is, in fact, fairly small The great interest 
shown in rr-bonding ligands m recent years is effectively mirrored in this account, in which the main 
developments are set out clement by element in systematic fashion Nuclear magnetic resonance, 
which has proved to be a very powerful tool for studying such Tr-complexes, is itself reviewed in 
“The Use of Nuclear Magnetic Resonance in Inorganic Chemistry” by E L Muettertils and W D 
Phillips This is an excellent discussion of the types of chemical information obtainable, and of the 
factors to be considered to avoid interpretational error However, no mention was made of the 
method for determining the magnetic susceptibilities of very small volumes of solutions by nmr 
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The article on “The Chemistry of Polonium” by K W Bagnall provides a very readable account 
of the inorganic chemistry of this element The description of the techniques for handling intense 
o£-emitters is especially interesting The volume is not free from printing, and other, errors, but these 
are of minor importance 

D M L CiOODGAMr 


C K JoKC.hNSi-N Orbitals in Atoms and Molecules pp viii ' 162 Academic Press, New York, 

1962 35s 

Tins IS a most unusual book birst, the author has gathered together ideas from many different 
aspects of chemistry and has tried to form them into a unified whole, and, second, he has written in 
a highly characteristic style 

Orbitals first — an orbital is a one-electron function, which is useful (though not necessary) in 
dealing with isolated atoms, with complexes showing small amounts of covalent bonding, with normal 
chemical bonds, and with solids Dr Jorglnsln has described the nature of these orbitals and their 
increasing complexity as we proceed from simple atoms to regular solids His molecular studies 
are all within the molecular-orbital approximation which he asserts to be vastly superior to the 
valence-bond or electron-pair method The range covered in the twelve chapters of this book is 
immense No one working through these pages could fail to experience some feeling for the use of 
oibitals Ihe analysis seems to the reviewer to be accurate, with the exception of some doubtful 
remarks concerning the use of the virial theorem for individual orbitals As might be expected of a 
pcison who had contributed so greatly to our knowledge of the theory of ionic complexes, this part 
ol the book IS more convincing than the rest 

And now to the style lor a textbook this is indeed most individual At times it seems as if the 
author wants to give us as complete a set of numerical values as is possible (some ol his collected 
values will be most useful), and then suddenly we arc told of some little personal incident and 
seem to be listening to the comments ol someone who speaks aloud of his ruminations in the field 
of quantum chemistry Since the author has read so very widely, and obviously h is enjoyed thinking 
about modern concepts and models, these comments are often very stimulating, even il, as at times, 
they do not cairy complete conviction There is relatively little normal “theory ’ in this book, and 
it IS not therclorc suitable for a beginner But for those who do already posses a good deal of 
expel lence of the theories of molecular structure, and are themselves prepared mentally to “answer 
back” when they disagree with the author, this slim volume of 160 pages will provide a most 
valuable stimulus We need books like this one -but not loo many of them' 


C A Coin SON 
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ERRATUM 

1 \i( HI S\i() The c\traction of iiramiiin (VI) from sulphuric acid solutions by 
ili-(2-etliylhc\yl)-phosplioi 1 C acid, / ///o/ij Nik.! C/ie/u 24.699 -706 (1962) 

I’age 700, equalion I, 

lor ! 2(H\)^(o) UOdlA.Io) ' 2H {a)" 

read “u6,-'(«) , 2(llX),(o) UO.X ,1 l^(o) , 2H (</)" 

Page 705, sentence 2 

for “ 1 he heat ot reaction (i e tlie value ol ilie enthalpy change) (l)“ 

reati “The heat of le.ietion (i e the v.ilue of the enthalpy ch.inge) in equation (I)” 

Page 706, acknowledgements, line 2 

for “cli-( TetliylhexyD-phosplioric acid re,Hi “di-(2-elhylhe\yl)-phosphoric acid" 
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HALF-LIFE OF " Kr* 

J Lfrner 

Argonne National Laboratory, Argonne, Illinois 

( Receii ed 2i October 1962, in reused /oi in \ b January 1961) 

Abstract — The half-life of *‘Kr has been measured by observing the decay of the 0 7 MeV /^-activity 
over a period of ten years, yielding the value 10 76 years This is somewhat higher than all of the 
values previously recorded in the literature Accuracy of the method and possible sources of syste- 
matic error are discussed 


Till half-life of has been measured by the direct decay method Samples of the 
active gas, mixed with inert krypton, were sealed m glass ampoules containing a thin 
window The 0 7 MeV /l-activity escaping through this window was measured periodi- 
cally with a proportional counter over a period of ten years An automatic counter 
was used to alternate sample and uranium standard measurements The mean value 
obtained was 10 76 1- 0 02 years (95 per cent confidence) 

Aside from the intrinsic interest in the value of its half-life, '^^Kr has become of 
some importance both industrially*' and scientifically Applications include its use 
as an inert gaseous tracer (i e , leak testing,*'*' ventilation studies,*^ geochemical 
prospecting,**’ *’ medical diagnosis,**’ etc ), and as a convenient source of radiation 
(i c , polymerization of organic compounds,*’* '*” staticehmination,*’” light source,*'^ **’ 
thickness gauge,**'*’ etc ) The half-life of **Kr enters into the calculation of fission- 
product yields,*'® '*’’ and can be used to estimate nuclear reactor fuel burn-up **'’ 

The *®Kr used in this measurement was extracted from the fission products pro- 
duced by irradiation of natural uranium slugs in the Hanford reactor These slugs 

* Based on work performed under the auspices of the U S Atomic Energy Commission 
L J Wilson, era/, AERE-l/R-2216, 

Kadianon A Too! for Indiistrv, Little, Cambridge, Mass At 1-52 
B Cassln and D Burnham, Ini Jour App! Rad and hot , 9, No 12, 54 (1960) 

C O Reisfr and K L Wiison,T Afe/a/v 12 , 2t4-5 ( 1 960) 

•’’A H Howlano, D E KiMHi-RandR E liiiirJoiiNy hist Heat Vent /tie 28, No 6, 57(1960) 
W H Fleming and H G Thool, P/nv Rer 92.178 (1955) 

S Amiel and L Winsbero, y Nud £>/<’/ ev 5 , p 50 (I ‘*57) 

R J Sandfrs and A G Morrow, A New Diay’nosiic Method in the Stiuh of Congenital Heait 
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were exposed for about four months, then allowed to cool appioximately one year 
Solution of the slugs took place m the presence of inactive krypton The krypton 
fraction was then remo\ed and carefully purified fiom fission products and also from 
the other noble gases 

The confainei foi the samples consisted of a Pyrex “button" with a thin 
w mdow (1 ig la) Since the intcinal piessiirc was of the oidei of 10 cm it was necessary 
to suppoit the window with an internal glass tube to resist atmospheric pressure The 

WINDOW 



(a) 


CROSS SECTION OF 
PYREX SAMPLE "BUTTON 



2 1 / 2 " 


1 T 


(b) 

CROSS SECTION OF 
BRASS SAMPLE HOLDER 

t K. 1 — Krjpion sampL button” and sample holder 

glass buttons were cemented into a brass sample holder (fig lb), pei nutting the 
measurements to be made by an automatic sample-changing counter It was found 
necessary to coat the windows of the kiypton sample buttons with a thin layer ot 
conductive silver paint in order to prevent the build-up of static charges inside the 
proportional counter that would allcct the counting efficiency 

The standards consisted of chunks of natural uranium metal approximately 1 cm 
square by I mm thick These were cemented to 2 m aluminium disks for ease ot 
handling, and were covered with several layers of silver paint This served to lowei 
the counting rate to a level appropriate for the counter and also served to protect the 
uranium standards from possible mechanical or corrosion damage 

The samples were counted in an automatic counter consisting of sample changer 
mechanism, proportional counter, amplifier, scaler with variable scaling ratio, high- 
voltage supply and printing recorder The sample changing mechanism contains a 
large wheel with tapered holes near the periphery for holding the samples (Fig 2a) 
A piston located beneath the edge of the sample wheel serves to raise the samples up 
into the counting chamber or to lower them back to the wheel The sample wheel is 
rotated by means of a Geneva mechanism engaging radial slots in the rim of the wheel 
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The proportional counter chamber is a hemisphere in cvhich the sample mounting 
hold(.r forms the bottom plate (F ig 2b) The assembly is rendered gas tight by means 
of an “o” ring Positive high voltage is brought m through a Teflon insert and 
terminates in a 2 cm diameter loop ofO 001 m stainless steel wire A manifold permits 
the counting gas to enter in the vieinity of the wire loop and another manifeild located 
near the sample plate exhausts the gas through a bubbler to the atmosphere 

The cleetronic circuitry associated with the counter is of standard construction, 
consistent vv ith the present state of the art A special effort was made to promote the 
stability ot the apparatus through the use of feedback amplifiers, stabilized high- 
voltage supplies, line voltage regulation, etc For most of the measurements the 
counter was operated inside of a shielded cubicle consisting of double walls of copper 
sciecmng This served to isolate the equipment from false counts due to external 
electrical disturbances 

At the beginning ot a counting period the samples and standards are loaded onto 
the sample changing wheel, with the samples and standards alternating so as to elTcct 
an even distribution of intervals between standard counts For each of the twelve 
positions on the wheel there is a three-way switch that permits one of three options 
counting of the sample at a preset scaling factor, counting of the sample with no 
scaling (for background counts), or skipping of that position entirely The time 
interval for counting can be preset to any integral number of minutes between one 
and 440 However, the same counting time must be used for all of the samples and 
standards 

In a typical measuienient there are six samples and three standards, each counted 
for 100 mm A background count is also taken for 100 mm Since the counter 
functions on a 24 hr basis entirely without manual intervention, it is a simple matter 
to allow the machine to run long enough to accumulate sufficient counts on each 
sample to reduce the statistical error in the mean to a very low figure A typical value 
for the total counting time on each sample is 1000 mm 

The high-voltage versus counting rate plateaus for some of the krypton samples 
and the uranium standards are shown m Fig 3 For the krypton samples the average 
slope IS of the order ot \ per cent per 100 V, whereas for the uranium standards the 
slope IS about I ) per cent per 100 V This variation m slope is to be expected, since 
the standards are relatively thick sources The considerable slope in the plateau 
characteristic of the standards is very desirable, however, since it means that the 
counting late of the standards is very sensitive to changes in overall gam, whereas the 
krypton samples are relatively insensitive The plateau slopes can thus be used to 
correct the decay data for vaiiations in counter efliciency 

The corrected counting rates for the various samples, as a function of time, are 
given in Table 1 The counting rates were corrected for background, scaler resolution 
loss and gain variations The quoted error is the standard deviation as determined by 
variations from the mean at each point The time of the count is taken as the midpoint 
of the counting period It can readily be shown that for a short fraction of a half-life 
the middle of the counting period is substantially equal to the point in time where the 
average counting rate over the interval is the same as the true counting rate The zero 
point for the time scale was arbitrarily chosen as January 1, 1951 

For each sample, the logarithm (base 10) of the corrected counting rates as a 
function of time was fitted to a straight line by the least squares process (Fig 4) The 
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f-iG 3 - Counting-rale plateaus fur krypton samples and uranium standards 

values obtained for the slopes and the external error of this slope are given in fable 2 
The unueighted average is 10 76 _L 0 01 years (standard error) Although the mag- 
nitude of the calculated variances in the half-lives for each sample is roughly correlated 
to the slope of the sample plateaus, the application of Bartlett's test'*^’ docs not 
contradict the assumption that the variances are indeed equal and that only chance 
fluctuations in the variances were observed Consequently, only the unweighted 
average is given 

Other values previously reported in the literature are as follows The original 
measurement of Hoagland and Sugarman'**' gave 10 years with a quoted probable 
error of a factor of two In 1945 Thode measured the relative masses of **®Kr to stable 
‘^'Kr and ^‘‘Kr with a mass spectrometer over an interval of si\ months and reported 
9 4 10 4 years The mass ratio measurement was repeated in 1952 and the value 

A Halo, Slalulical Theory wiih Enf^ineet mt; Applications, p 291 3 Wiley, New York (1955) 

p 291 

k J Hoagland and N ^uciARMAN, Radiochemical Studies The Tisson Product (Edited by 
C D CoRYbLL and N Sugarman) Plutonium Project Record, Div IV, Vol 9, p 642 McGraw- 
Hill, New York (1951) 

H G Thode, Nucleonics 3, No 3, 23 (1948) 




hRNLR 


iMIS ARl (OUNIS ]'hR MINLIIF QuOTFD 
«((R ZrRt) iiMi IS Januarv I 1951 

Sdmplc 

Ki6 Kr7 KrR 


14689 

6 

1 7759 

7 



14511 

10 

17561 1 

5 



14496 

. S 

17517 ' 

4 



14170 

1 1 

17139 1 

15 

606 14 

42 

13290 ' 

9 

16050 1 

6 

56789 

22 

8721 ' 

3 

10515 ' 

1 

17426 

- 8 

8241 


9970 

5 

15305 

11 

8228 

6 

9947 

1 7 

35282 

1 14 
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ERROR IS 


KilO 


18916 ' 1 
17742 I 
11780 ' 7 
10975 7 
10968 ' 1 
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10 27 _1 0 18 years was assigned In this case, however, only one of seven measure 
mcnts was made on the original gas sample, the other six measurements were mad< 
on samples that were extracted from the uranium slugs at the time of the seconc 
analysis This introduces the possibility of error, m that if the irradiated slugs becami 
contaminated with atmospheric krypton over the seven year interval then the reporter 
value would be too low 


Tabi h 2 "’Kr Half-lifi- 



Total decay time 



Half-life 


Sample 

Days 

Fraction of 
half-lifc 

Corrected data 
(years) 

Uncorrected data 
(years) 

Kri 

3410 

0 890 

10 734 

0 008 

10716 ‘ 

0 022 

Kr4 

3620 

0 945 

to 755 

' 0016 

10 724 ' 

0015 

Kr6 

3262 

0 852 

10 761 

’ 0 027 

10 740 

1 0 041 

Kr7 

3262 

0 852 

10 755 

- 0 028 

10 734 

. 0 030 

Kr8 

3074 

0 803 

10 795 

0 029 

10 763 

0 062 

KrlO 

3074 

0 803 

10 775 

- 0 087 

10 742 

0 174 



Unweighted Average 

10 763 

' 0 008 

10 737 

0 007 





Using the combination of a thin lens beta spectrometer and a scintillation detecto 
as a high-stability counter, Tt'RNCR measured the decay of**^K.r over a six month perioc 
in 1953 and reported^--*’ 10 57 ! 0 14 years In 1954 Brom and KAitLLt*^’ reportei 
10 7 ' 0 2 years (95 per cent conlidence), also using precision counting equipmen 
over a decay period of six months 

Since the value repented here is larger than all of the previously reported '■e^.ults 
the expel imenl and the data were carefully examined for possible inconsistencies o 
xsstematic error In general, the corrections applied to the raw data were very small 
I he background count for example, was usually quite close to 40 counts/min Thi 
lx ciiliicly reasonable foi the cosmic-ray background in a chamber of the size used ii 
the counter Since the background count was typically of the order ol a few tenth 
per cent of the sample counting rate, it is unlikely that fluctuations or errors in th 
hackground count were of any importance 

1 he scalers used in the counting equipment had a lesoKing time of about 6 /isec 
loiiesponding to a value of the ordei of 10 ' mm for r in the correction formula 

N, A'l.fl 1 T(V„), 

vlicic Nf is the true counting rate and is the observed counting rate The resolutio 
collection for even the most active samples amounted to less than one-half of one pe 
' vnt of the sample counting rate The resolution time was measured throughout th 

' K K Wanlfss and H G Thooy, CanaJ J P/nv 31,517(1953) 

J i Turnir, AFRfi-N/R 1254(1953) 

3 R Brosi and B H Kifiiil ORNL 1674 p 36 (I9S4) 
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ten year inteival and the values agreed to within 5 per cent, which is consistent with 
the expected statistical error in the t measurement itself Once again, it seems unlikely 
that fluctuations or errors in the resolution correction can be of any consequence 

The corrections foi vaiiation in counter gam were made by using the counting 
rates for the uranium standards to correct to a hducial gam value As mentioned 
befoie, the coriections to the samples weie relatively small, since the gas samples gave 
much better plateaus than the uranium standards In general, the corrections were 
only a few tenths per cent of the total counting rate 

As an additional check on the validity of the gam corrections, the least-squares 
half-life calculation was perfoimed on data uncorrected foi gam vaiiations The 
values obtained, together w ith the calculated external errors arc also given m Table 2 
The average value is 10 74 0 01 years (standard error) Although the uncorrected 

data gives substantially the same value (or Tj as the corrected data, it should be noted 
that for the uncoi rected data the variations of the points about the least squares lines, 
as measured by the calculated variances, are generally greater than the corresponding 
variations foi the coriected data This m itself does not justify making the gam 
coirections, but docs tend to conliim the validity of the corrections 

An estimate of the stability of the counter can be obtained by examining the 
fluctuations m count foi the same sample over a period of time The statistical eiror 
m the 100 mm sample count was typically about 0 3 per cent For the krypton samples 
the ratio of calculated external error to the Poisson error averaged 2 2, while for the 
uranium standards the corresponding ratio averaged 3 6 Thus it is certain that the 
variations in counter efficiency exceeded the fluctuations due to normal statistical 
variations As expected, the uranium samples were more eiralic than the krypton 
samples 

The possibility of error m the time measurement should not be excluded Except 
for a possible arithmetic mistake, it is most unlikely there is an error in the time 
assigned to each point, since this is essentially a matter of recording the calender date 
There remains the possibility however, that the counting intervals were not constant, 
and that there was therefore an error in the counting rates The counter timing 
mechanism consists of a synchronous motor operating a gear tram and a cam The 
cam closes an electrical sw itch once every minute A preset register counts the number 
of timing pulses and terminates the counting period when the correct number of pulses 
have been received The system was tested periodically by feeding pulses derived from 
the line frequency into the scaler, the recorded count indicated the timing was correct 
to within 0 01 mm 

For most of the measurements the power for the timing motor was derived from 
the laboratory timing line The frequency of this power is controlled by a tuning-fork 
oscillator to an absolute accuracy of the order of 50 p p m Even if the timing motor 
IS operated from the normal power line, it has been our experience that the maximum 
drift in power line frequency over a period of 1000 mm is also of the order of 50 
ppm 

The possible sources of systematic error have been carefully considered Presum- 
ably, the characteristics of the samples could have changed over the years so that the 
counting geometry was not constant Most of the plausible effects that one can think 
of, however, should tend to make the measured value for the half-life shorter rathci 
than longer For example, sample leakage, sample adsorption on the walls of the 
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uontainer, release of occluded gas into the button, oxidation of the silver paint binder, 
sulphurization of the silver, etc , would all reduce the counting rate with time and would 
give apparently shorter half-lives 

Contamination of the samples by some other activity seems most unlikely, primarily 
because the sample is a noble gas The activity would have to be an inert gas with a 
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t-K, 5 Fluclu.ilion of mcasuicd xalucs about lt,ast squares lines 

boiling point near that of kiypton in oider to survive the purification process The 
possibility that significant amounts of**' Kr (2 10** years) were present was eliminated 

by a mass-spectroscopic analysis In addition, the presence of an activity with a 
iliHerent half-life would tend to produce curvature in the decay curve No such 
curvature was detected 

1 rom the positive point of view, there are many reasons for accepting the half-hfe 
at Its face value The method is basically a very simple one requiring only the use of 
■I single instrument and considerable patience The corrections to the data are all very 
'iiiall, so that even a relatively large error in the coirection would pioduce only a 
niall error in the half-hfe Statistically, the fluctuations of the points about the least- 
qnaies lines were consistent with the fluctuations of the measurements at each point, 
md the fluctuations of the slopes about the mean value were consistent with the 
'aiiations of the points about the least-squares lines Furthermore the points fluctu- 
ded at random about the lines, giving no evidence of “bunching above or below 
'' 'c lines in any region (Fig 5) 
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DISTRIBUTION OF RADIOACTIVE ANTIMONY 
FORMED BY NEUTRON CAPTURE IN 
ANTIMONY COMPOUNDS 

J F Facltii* 

Nuclear Science and Technology Division Puerto Rico Nuclear Centret 
Mayaguez, Puerto Rico 

(ReieircJ 28 Oclober ]962, m reused form 20 Decemhei 1962) 

Abstract — Antimony compounds were irradiated with neutrons and the distribution of radioactive 
Sb''*^ and Sb'^' between the In and pentavalent oxidation states determined, after dissolving the 
samples m cither fused potassium hydroxide or concentrated hydrochloric acid The results suggest 
that the new species reach their final oxidation state m the crystal, either during, or a short time after, 
irradiation In addition, the results show a linear relation between the composition of the oxide and 
the percentage of radioactive Sb(v) similar to that obtained by other workers with arsenic oxides 

Tilt, results of several other workers”"*’ on the distribution of the radioactive arsenic, 
foinied by the (n, y) processes on arsenic oxides, indicate the importance of carrying 
out simiUir studies with antimony oxides 

Antimony, having similar properties to arsenic, forms three oxides commonly 
written as Sb^O,, Sbj 04 and Sb 205 The irradiation of antimony gives the radio- 
isotopes ’'■^‘■^Sb and ’“*Sb, of known characteristics 

i:\PtRlMrNTAL 

A Malertah 

The irradiated antimony compounds were the three oxides and potassium anlimoniatc 
fhe oxides used were Sb/), and SbjOj of ‘ pro-analysis ' grade, and Sb.O, of spectroscopic 
purity They were used without further purihcation, the SbjO, was supplied by Johnson and Matthey 
(London, England) 

In order to check the crystallographic identity ol the oxides their \-ray ditiraclicsn paiteins were 
measured by the powder method, using a conventional X-ray machine and idcnlihed by the ASTM 
data 

It was established that the irradiated bb^Oj corresponds lo the senarmomite structuie ’’ The 
bbAJ, commonly known as antimony tetroxidc is considered lo be SbSbOj,'" and its X-ray patterns 
iigiced with the reported data The two irradiated penloxidcs (bisher Seicnlitic and K and K, 
I aboratorics) did not have the same structuie, as was indicated by ihcir diffraction diagrams 

* On leave of absence from the University ol Asuncion, Paraguay 
' Operated by the University of Puerto Rico for the Atomic Eneigy Commission 

"A G Maddook and M M or Mainf Canad J Cheiii 34,441 (1956) 

H Kawahara and CJ Harhoitif J Inoi;^ Niicl Chem 9,240(1959) 

'" (> B Baro and A H Atfn Proc Symp on Chcntual k.Jfeil't of Xiafeai Ti unsfoi motion 1 \ 

I A Sn-PUB34. Vol 2,233 (1961) 

" C< B Baro, Thesis, Uni versidad do Buenos Aires (1961) 

' D Sfromingfr, J Hot I ANOFR and C, Sfaiiorci Table of Isolopcs Rev Mod Phys 30, 385 
(I9S8) 

X-R.iy Powder Data File and Index lo the X-ray Powder Data File 
' ' Y K Syrkin and M Dvatkina, Hie Sn iic tine of Motet uh': and thi. Clitmitol Bond, pp 331-332 
Bultcrworths London (1950) 

1 Dihlsirom and A WtsTtiRLN Z -iiunt; Chem 235, 153 (1937) 
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The amounts irraduittl were about 150 mg It is ditbcult to obtain the oxides perfectly free of 
moistuie The oxides were aecordingly oven lined at 120 C for scveial hours, and stored at room 
tempeiature in vacuo, in the presence of siliea gel The samples were scaled in vacuo in quartz or 
Pyres ampoules and then irradiated 

'\nothei eompound irradiated was theeomnicreialanalylieal grade potassium pyro-antimoniate” 

1 111 lot muia KSb (OH)„ has been assigned to this eompound "" The samples were first submitted 
to the following treatments 

( A) One pair was healed at 2S5 lor 20 hr washed with ether and then healed to 285“ for 48 hr 
r hese samples were again heated to 500 lor 20 min in i ai no in the ampoules before sealing off 

(B) Another pair were heated at 285 for 24 hr and then scaled in their aitipoules, 

(C) a third pair were healed at 1 ^0 lor 24 hr before irradiation 

H li tciduitioii'. 

The samples weie ii radiated foi 4 min at 56 in the PRNC nuelear reactor, with a neutron flux 
ot 10’- ein see ’ 

C Clu ntirnl ptociclutes 

Immediately or 24 hr alter irradiation, the samples we're dissolved in fused KOH in the presence 
of an appropriate inactive eairiei, the solution was made 6P in HCI, and the Sb(V) extraeted by 
shaking with isopropyl ether, in the presence of MgCI. The samples were in contact with 
fused KOH for j I min and then immediately cooled in ice 

Sinee Sb>Oj contains both lorms of Sb(Ill) and Sb(V). no earners were added for the separation 
The SbjOj and KSb(OH)„ were also dissolved in concentrated HCI at 60 C 

D Mcasiircincnts anil i luliochcmual punt) 

The s.imples in aeid magnesium chloride solution and in the ether solulton were placed in 
calibrated polyethylene or Pyrex tubes and measured in a Nal (Tl) well crystal coupled to a 
multichannel analyser 

After the short lived isomers had decayed, the long lived isomers /j2 8daysand /"j60daysof '^-’Sb 
and '“'Sb were measured In the analyses the gamma peaks of 0 57 and 0 (>') MeV for ‘“Sb, and ol 
0 60 and 1 6T MeV for '-‘Sb were measured The radiochemical purity was conhrmed by following 
the decay Since there is overlapping ol the photopeaks at 0 57 and 0 60 MeV, these were resolved 
by following their decay rales and then substractmg the extrapolated 60 day acitvity ol the longer 
isomer 


RESULTS AND DISCUSSION 

Table I shows the distribution of the radioactive ^^^Sb and '^'*Sb as Sb(III) and 
Sb(V) 

The yield of Sb( V) in both samples of irradiated antimony pentoxidc was the same 
and showed no apparent effect of their different structures The distribution of '^"Sb 
and ‘^^^Sb in the pcntavalent state is essentially the same for all the compounds studied, 
within the experimental error No isotopic effect is found in the chemical state of the 
two radioactive species, m agreement with the published data 

No difference exists between samples processed immediately oi 24 hr after irradi- 
ation Therefore, the isomeric transition '-^"‘Sb 21 mm presumably docs not bring 

about an increase in the yield of the higher oxidation slate 

The results for Sb,0, showed nearly 99 per cent retention, in agreement with 
previously published data Retention in Sb^O^i was low and the yield of the pent.i- 
vdlent state in Sb^Oj was that expected for an equimolar mixture of Sb^O, and Sb^O, 

L Paulino J Amer Chem Soc 55, 1895 (1933) 

( 10 ) [sj y Sioowick The Chemical Llements and their Compounih.VoX 1 P 788 Oxford (1950) 

'•') N Bonner / Amer Chem Soe 71,3909(1949) 

T Andersen and A Knutsen J Inor^ Nuil Chem 23, 191 (1961) 
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Compound 

Solvent 


_ -- 

Sb.O, 

KOH 

(Molten) 

HCl 

(at 60 C) 

Sb.Oi 

KOH 

(molten) 

Sb.O. 

Sample I 

KOH 

(K and K. Lab ) 

(molten) 

Sample II 

KOH 

(Fisher Lab ) 

(molten) 

KSb(OH)„ 
trcaimeiit (a) 

KOH 

HCl 

(at 60 C) 

ireatmcnt (b) 

HCl 

(at 60 C) 

Ircatmcnt (c) 

HCl 

(at 60 C) 


Tabik I 


Yield Sb(lll)".; 


Sb‘ 

122 

Sb’ 

21 

98 4 

04 

98 3 

‘ 05 

98 2 

03 

98 3 

• 04 

87 9 

1 1 

87 5 

1 

75 9 

0 8 

75 9 

0 7 

76 5 


76 8 


66 t 


66 1 


67 2 


67 


48 1 

2 6 

48 1 

26 

29 1 


2)5 



Yield Sb(V)% 

Number of 

Sb'” 

Sb’” 

experiments 

1 6 

1 7 

2 

1 8 

1 7 

2 

12 1 

12 5 

4 

24 1 

24 1 

4 

23 5 

23 2 

1 

33 7 

33 9 

1 

32 8 

33 

1 

51 9 

51 9 

2 

70 9 

70 5 

1 


The fusion with KOH (at 360 C) apparently did not change the distribution between 
the two valence states as may be seen from the results of dissolving Sb^Oj in concen- 
trated HCl It follows that the majority of the radioactive Sb atoms reach their final 
oxidation state in the crystal lattice immediately after the nuclear process or possibly a 
short time after the practicle has lost its kinetic energy In terms of annealing, the 
fact that there is no change m the retention may be due to the short time at the high 
teuvperature in the melt In addition, reaction between the sample and solvent must 
also be considcied, since this can impede the recombination of recoil atoms with the 
“crystal vacancies” The neutralization is a rapid leaction In addition the high 
concentiation of OH m the fused K.OH, will accelerate lattice degradation, via the 
intermediate formation of polyanionic complexes'*” It must also be remembered 
that the vacancies occur as dilute impurities in the n radiated compounds 

The results for pretreated samples of KSb(OH)^ suggest that the presence of the 
OH group in the irradiated molecule leads to a greater yield of the higher oxidation 
state The low yield in case (A) can be attributed to the loss of water from the com- 
pound The results in case (C) are in agreement with those recently published 

It has been suggested that a linear relation exists between the yield of pentavalent 
mdioactive arsenic and the ratio of oxygen atoms to arsenic atoms m the compemnd 
aiadiated with neutrons”*^* A similar relation seems to hold for the radioactive 
psiitavalent antimony formed in the irradiation of simple antimony compounds 
i'scc- big 1) This linearity, as in the similar case of ladioactive arsenic, indicates that 

J t- Auurifth and 1 Moilur,,/ Chem Educ 20, 219(1943) 
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the oxygen content of the compound is the main factor m determining the distribution 
of the radioactive antimony between the tri and pcntavalent states A significant fact 
was that the results for KSb(OH)„ submitted to pretreatment (A) fall on the linear 
relation at a point corresponding to the hypothetical KSbOa 

AiknoHlecli^tment — tt is a pleasure to thank Dr G Baro of the Atomic tnergy Commission of 
Argentina for helpful suggestions and t- Trabai and S Torrfs of the PRNC for their collaboration 
in the chemical separations and measurements The author is also indebted to Dr P Va/oui-/ 
Mar 1 INLZ svho kindly perlormed the X-ray measurements and Dr () H Win ller of the PRNC for 
several discussions 
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ON THE AVERRED EFFECTS OF RADIOISOTOPIC 
TRACERS ON SOLUBILITY 

R W Rami T ir and O Ani>i rson 
D epartment of Chemistry, Carleton College, Northheld, Minnesota 

( Reel ived 22 Oc loher 1 962 ) 

\bstract -Contrary to reeent reports (c g , see reference (1)) on the elfcets of radioactis ity on various 
heterogeneous thcmical prcKCsses, barium sulphate labelled uith ’'S having specific activities of 5, 
20 and “iO me/g showed constant solubility ot 1 1 S lO-’molel inwaterat25C Calcium sulphate 
labelled with ‘-Ca having specific activities of 0 1, 0 2 0 5 and 1 0 me g showed constant solubihlv of 
Dol'd mole, I However, silver lodatc, labelled with ""Ag, behaved as though the radioactivity 
induces breakup of the crystal surface into pai tides too small for ordinary filtration, ard the elTeet 
seems to depend on specific activity in the range 0 04 6 0 me g 

In a senes of articles which should unnerve all who use radioisotopes in heterogeneous 
chemical processes, V I SpiiSYNt and his co-workers have declared'^' that various 
systems involving isotopic exchange, catalysis adsorption, rates of solution and sub- 
lim.ilion, corrosion .ind solubility .ire subject to striking changes m behaviour when 
ladioactive materials are incorpoiated at tioimal tracer levels Ostensibly the effects 
.ire due to the residue of positive charge on the solid surface after the emission of /-f- 
particles, and in some cases to the loni/mg effect of such radiation on neighbouring 
atoms 

r Director, Institute of Physic.il Chemistry Ac.mlcmy of Sciences, USSR 
f7i.-/i/ l/nri 56 , 10967/'(I962) 

’’ r|Kse p.ipcrs are .ivailable m rnglish iranslaiion, but the following references show the original 
Russian pagination With the one noted cveeption, .»ll rderenee's .ire to the Deikladv Akademii 
iSauk SSSR Titles and bracketed comments arc lor the aid of re.iders inlciestcd in speeihe types 
ol systems 

‘ V 1 Si'iisYrs and T Mikiimiinko, 121, "519 (195<S) Influence ol the Intensity of the Radiation 
lioin ''S on the Rale of Isotopic I xchangc ol Sulphui m the Syslem K.SO, SOj 
' /' H/Vi vMiiN, V Sf’lisvN.N DoiiRt'Si I ssMAandl Mimiaii tMso, 121, 495 (1958) Radioactive 
( alalysls The Dehydration of t'ydohcv.inol on Magnesium and Sodium Sulphates (Uses -“‘S ] 
' V Si'nsvN and V Ciromov. t23, 722 (1958) FHeet of the Radioactivity ol Barium Sulphate on 
Its Sirplional Properties [Uses '"'S compares adsoiption of acidic and basic dvestulTs 1 
1 ViMiAii i-Nieo and V Spitsvn 131, No I 129(1960) New Data on the rffeets ol Radioactive 
Solids on Heterogeneous Isotopic Lxehangc [Higher specilie activities of K. SO4 compared to 
rd a ] 

9 SpirsyN t ToRCtirNKovA and 1 Cii a 7 ko\a 132, No 7, 647 (I960) TtTeets of R.idiation on 
the Solubility ol Radioactive Solids [Kinetics of solution .ind solubilities of Ba''SO, of varying 
specific aetiv Ity ] 

' V SpiisvN and N Moshanskay \ 133, No 4, .859 (I960) 1 licet of Specific Radio.ictivity ot 
t eiium Oxalate on Its Solubility [IKcs “Re 1 

S SpiisYN F ToRt HI nkova and I (it v/Rovv 133, No ^ IIII (I960) Solution of Barium 
rLilpluie labeled with Two Radioactive Tr.ieers [Kinetics of solution and soliibihiies using 
Iki and/or ’’''■S ] 
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f-Ki I — SpUsyn's results on the etUxt of spetihe activity on the solubility of BaSOi, 
labelled with siilphur-35 1 op curve, sodium sulphate used in preparation of precipitate 
Bottom curve, sulluric acid used Dashed line, solubility of non-radioactive barium 

sulphate 

These conclusions are in startltng contradiction to the basic premises of the tracer 
technique, namely, that isotopic species have identical chemistry except for the small 
effect of mass, and that the emitted radiation causes no detectable change in the system 
And the effects described in these papers are not small Fig I shows the reported 
effect of activity on the solubility of barium sulphate'-' with results as high as 
seventeen times the known solubility of non-radioactive barium sulphate, and with a 


“ A Baiandin, V Spitsyn, N Dobrosfl’skava and I Mikhailenko, 137, No 3, 628 (1961) 
Radioactive Catalysts Dehydration of Cyclohcxanol on Magnesium Sulphate and Calcium 
Chloride [Uses mixtures of ’"CaClj and Mg^'S 04 to study reaction yield as a function of radiation 
energy at constant specihe activity ] 

‘ V SPirsYN and I Zimakov, 138, No 1, 130 (1961) Effect of Radioactive Radiation from ""Y 
and “‘Y on the Solubility of Yttrium Hydroxide 

> L Belyakova, V Gromov, A Kiselev and V Spitsyn, 138, No 5,1139 (1961) Adsorption of 
Hexane and Benzene Vapours on Inactive and Radioactive Barium Sulphate 
“ V Spitsyn and I Zimakov, 139, No 3, 654 (1961) Effect of Radioactivity of Molybdenum 
Trioxide on the Velocity of Its Evaporation [Uses ”Mo ] 

■ I Zimakov and V Spiesyn, 141, No 6, 1400 (1961) Effect of Radiation Energy on the Suh- 
limation Rate of Solids [Extends to work of ref k by incorporating ‘"Y, “"Mo and ’““W iniu 
MoOa ] 

“ V Spitsyn, /zpwriya /Ito/e/n/i VaiiA: 55S/?, Otdclenie Khimicheskikh Nauk, No 8, 1325 (1961') 
New Data on the Effect of Radioactive Radiation on Solids and External Radiation on Sou i 
Heterogeneous Chemical Processes [See reference 1 ] Somewhat of a review article, wiiS 
extensions of several studies reported m the foregoing references] 

" V Spitsw, K Yandushkin, S Balezin and 1 Kule,shov, 143, 1406 (1962) Investigation ' I 
Atmospheric Corrosion of Radioactive Samples of Armco Iron and Steel 2 [Uses ‘“Fe ] 
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severe superposed effect of the method of precipitation The latter immediately 
suggests that the precipitates were differently contaminated through coprecipitation 
A second example is shown in Fig 2. where the reported solubility of cerium (III) 
oxalate depends linearly upon the logarithm of the *‘‘‘*Ce specific activity In this 
case we would criticize the arbitrary extrapolation to log s a equal to —6 to obtain a 
solubility value at “infinitely low activity*^'"’” for the purpose of comparison with 
known solubility values for the non-radioactive salt As a final example dealing with 



f IS. 2 — Spitsyn s results on Ihe effect of specific acliMly on the solubility 
ol cerium- 144 oxalate 

oiubility. Fig 3 reproduces the findings for the solubility ofyttrium oxide as a function 
"f the ‘-"’Y and “'Y specific activity The concluding statement in this paper is as 
follows “Following are some preliminary considerations regarding the mechanism 
of the phenomena observed in this woik As a result of the emission of /f-particles 
positive point charges arc formed on the surface of the YjO, solid phase These affect 
ihc- negatively charged OH groups ol the incompletely ionized Y(OH )3 molecules in 
oltition This IS the reason for the decrease in the solubility of yttrium hydroxide in 
'lie piesence of the radioactive isotopes '“V and “'Y When the emission of f?-particles 
's.iches a certain high level, ionization effects increase under the influence of bombard- 
'cnt by electrons, and this apparently includes dissociation of the Y(OH)j molecules 
pulsion of Y-** ions from the positively charged surface of the solid Y^O, should 
'd to an increase in the solubility of yttrium hydroxide preparations having a high 
sific radioactivity Only when the specific radioactivity of the Y.Og samples was 
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\ery low (loss than 0 1 nic/g) did the presence of the radioactive isotope have no effect 
on the solubility of the compound ” 

Although some of these losults have been obtained with highly radioactive mate- 
rials (e g , up to 260 mc/g m the cerium oxalate case) most of the work has been with 
relatively low level labelling as commonly used in tracer applications Therefore it is 
curious that such effects have failed to achieve recognition during the past countless 



Logarithm of specific octivity 

Fki 3 Spils^n's 1 csulls for Ihc solubility of yUrium oxide in \\alLr 
Open puints, using ""Y as tracer Closed points, using “'Y 


applications of radioisotopes Nevertheless, because these workers have reported 
impressive radioisotope effects in a wide variety of situations, and because it seems 
unreasonable to try to explain them all away as merely the “study of artifacts”, and 
because the implications of these results arc of tremendous importance to radioisotope 
technology, it seemed eminently worthwhile to initiate independent studies, which wc 
have limited to solubility measurements on inorganic salts 

Because of work which had been in progress in this laboratory, the first study 
dealt with the solubility of silver lodatc, labelled with ^^“Ag, using g-scintillation count 
mg The results so far indicate that there arc indeed special problems associated with 
radioactive salt compared to non-radioactive silver lodate This work has been un- 
expectedly troublesome from an experimental standpoint, is still incomplete, and wil 
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be described only briefly in this paper The main substance of this report is concerned 
with the solubility of calcium sulphate containing '’’'Ca (0 26 MeV //, tj 2 163 dys), 

and the solubility of barium sulphate containing ^’S (0 17 MeV fi, ^ ^ HI dys) 

EXPERIMENTAL 

Calcium-45 was obtained from Oak Ridge as CaCI, in HCI solution At the start of this study the 
specific activity was about 4 mc/g A stock solution of non-radioactive calcium chloride was 
standardized via titiation with piimary standaid EDTA solution and also gravimctrically as silver 
chloride Calibrated volumetric wait was used in the preparation of solutions of labelled calcium 
chloiidc with specific activities of 0 1, 0 2, 0 5 and I 0 (nominal values) millituries per gramme of 
calcium These solutions served as a source of standaids (or counting as well as in the preparation of 
calcium sulphate precipitates At fii st the precipitation was earned out by adding a 5 [xir tent excess 
of sodium sulphate with vigorous stirring The fine precipilale was allowed to age for a day. and was 
lilteied and washed on fine sintered glass Later it was decided to repeat the entire study with an 
improved product resulting from precipitation from homogeneous solution for this, the calcium 
was first complexed with LDTA, which prevented precipitation when excess sulphate was added 
then an excess of nickel niliate was added and the pH was immediately adjusted to four With 
[jcntlc heating the nickel slowly replaced the calcium in the chclalc, and the precipitate consisted of 
large crystals which settled lapidly No significant diffeicnee was lound in the solubilities ot the two 
t)pcs ot precipitates, indicating that the ageing of the 'uidinary ' products had been successful in 
removing adsorbed impurities 

Approximately 0 2 g samples of the calciuna sulphate precipitates wcie equilibrated with 30 ml 
portions ol redistilled water in polyethylene capped borosihcatc tubes by ro'aiion m an air bath at 
25 C A time study indicated that the system with iion-radioaciivc material came to equilibrium in a 
few minutes, but rotation was continued lor several hours m each case 

Tcn-ml portions were centrifuged for a few minutes, and because ot the low temperature coefficient 
of solubility It was judged that no significant change in concentration would occur during this step 
1 rom the supernatant liquid niicrolilrc samples were taken with calibrated pipettes, evaporated on 
planchcts, and counted Also, two-ml samples were taken for titration with 0 01 M EDTA, using 
cakon as indicator at pH 12 

Siilphur-35, earner Ircc, was obtained from Oak Ridge as sulphate in HCI solution A stock 
solution of sodium sulphate was standardized gra\iinetric.tlly as baiium sulphate Labelled sodium 
sulphate solutions w'erc prepared having specific activities ol 5. 20 and 50 me g of sulphur These 
were used as sources for counting standards and also for precipitation ot barium sulphate samples 
Sc/tral varied attempts to precipitate barium sulphate from homogeneous solution failed to yield 
ciystals pailicularly better than those obtained by very slow addition of 50 ml of 0 04 M barium 
chloride to ^0 ml of I M perchloric acid containing 2 mmoles of sulphate, with magnetic stirring at 
90 C followed by digestion 

Approximately 0 1 g samples were equdibiatcd with 30 ml of water as with the calcium sulphate 
At first, sampling was accomplished with the aid of centrifuging, but later the samples were filtered 
through VC Millipore fillers with no significant change in results Because of the low solubility 
iitration analysis was not possible, and lOO-lambda samples weic evaporated and counted Because 
ihc icsults were about 15 per cent higher than expected, the samples were aged and digested further 
I he results given below are for barium sulphate which bad been digested at 100 C for about 16 hr 
followed by rotation with water for about 30 hr 

hor each sample m both studies, at least 10,000 counts were taken to insure rcafcrablc statistical 
accuracy A Nuclcar-Chicago D-47 gas-flow detector (with micicinil window) was u'cd Standaids 
Were icpeatedly picpaicd and iccountcd, and count rates were always well w ithm the linear region ol 
< 'cigtr detection 


RESULTS AND DISCUSSION 

Table 1 sumrnari/cs the results obtained for theconcentiation of calcium ton, equal 
'>Y inference to the molar solubtlity of calcium sulphate m the satuiated solutions of the 
i'iccipiiatcs which were obtained from homogeneous solution 
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Table I SoiuBiiiiv oe cai cium sulphate at 25'C, using 
VARIOUS spKinc Ar risniis oe cailium-45 


^•'Ca 

Solubility (mole/1 ) 

(niL g Cal 

By t [)TA tit'n 

By counting 

0 

0 0152 

_ - 

0 I 

00152 

0 0150 

02 

0 0152 

0 0150 

0 s 

00151 

0 0150 

1 0 

00151 

0 0150 


Cloail) tlicic has been no eflect of labelling on the solubility of this salt The 
values are constant within expci inicntal errors (since such small samples were taken 
foi the E.DT A titrations) and in good agreement with what we consider the best litera- 
ture*" value, 0 0153, foi non-radioactive material 

However, it is noted that tins is a relatively soluble compound, whereas the type ot 
ellcct being tested might be expected to be more prominent with very slightly soluble 
compounds when small losses by adsorption of negative ions on the positive surface of 
the crystals would be more significant compared to the concentration in solution 
But one woithy conclusion from the calcium sulphate results is that the techniques of 
radioisotope labelling and counting used in this woik seem reliable 

The lesults for the barium sulphate study aie listed in Table 2, and refer to the 
concentration ot sulphate ion (assumed to be equal to solubility) obtained by 
counting 

Taiiii 2 Solubility oi barium suiphaii ai 25 C, 

LISlNCi VARIOUS SPrCIFIC ACTIVIEIFS OI SUlPHUR-35 


‘■s 

molai 

(mc/g S) 

solubility 

5 

1 15 

20 

I 16 

50 

1 14 


These values arc not only constant, but are in fair agreement with the precise 
conductivity work of Rossein,sky,‘‘*’ who found 1 038 I 0 005 10 ’M for the 
solubility of a product resulting from the very slow mixing of large volumes of boiling, 
very dilute solutions In terms of milligrammes per litre, his result is 2 42, while ours 
IS 2 68, a difference of 10 percent These figures may be compared with Fig I, which 
refers to work at 20'’C Thus, our results fail to confirm any noticeable effect of 
specific activity on barium sulphate solubility, a reasonable hypothesis being that 
Spitsyn’s precipitates may have been contaminated with coprecipitated sodium sul- 
phate as a result of mixing 0 1 N solutions of sodium sulphate and barium chloride 
The results of the silver lodate solubility study, using silvcr-1 10 m the specific ac 
tivity range from 0 04 to 6 0 mc/g have been recorded by Hofffr *’’’’ This work is not 

G A HuLFirandL E Allen, / Amer Chew Sac 24,674 (1902) 

D R Rossfinsky, Train- Faraday Soc 54,116(1958) 

J K Hofefr, Senior Thesis, Carleton College (1962) 
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ready for detailed publication, and is being continued Briefly, the radioactive precipi- 
tates (prepared from homogenous solution as large crystals) have behaved differently 
from the non-radioactive salt With the latter, equilibrium was reached in an hour or 
so, and the results of lodometric titration were consistent with the best literature value 
However, m the first stage of the work the apparent solubilities of the radioactive 
samples quickly exceed the expected value, and upon continued rotation and sampling 
rose fairly steadily at the rate of about I per cent per day for 10 days HoFrER had 
been sampling by allowing the dense crystals to settle for a few hours, vacuuming the 
floaters from the surface, and then pipetting without filtering This failure to reach 
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Loqonthm of Specie oc^vity 

4 — HofFer s results on apparent silver lodatc solubility, using "”Ag Dashed line, 
value expected from studies of non-radioactivc silver lodalc 

steady values indicated that perhaps the tumbling process was causing the crystals to 
abrade with the production of motes too small to settle in the time allow'ed The time 
study was repeated with the addition of pressure filtration through fine sintered glass, 
including precautions against loss by adsorption This did not make a great difference, 
and a newly-prepared precipitate of specific activity 0 037 mc/g exhibited the weird 
behaviour of showing a sharp concentration increase after about 2 hr, going through a 
maximum at about 20 hr of almost nine times the expected value, and dropping back 
down to more normal levels after 100 hr We were certainly reminded of the strange 
kinetics of solution effects observed by Spitsyn''*'-"''’ Although we cannot claim to 
Kive reached equilibrium with these solutions. Fig 4 shows the values of apparent 
^''lability obtained after 6- 12 days of rotation The next phase of this work will employ 
klillipore filters to test the view that the radioactive samples arc subject to break-up of 
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tiic crystal surface wiili the production of tiny particles too small for ordinary filtra- 
tion In this connection we should point out that Spiisyn has shown"*’ by electron 
microscopy that the surface ol radioactive potassium sulphate crystals is “loose, with 
projections and depressions resembling the corrosion picture” 

In conclusion we are leassured as to the applicability of radioactive tracers in 
solubility studies but we will tieat with newly-emphasi7ed caution and respect the 
problems associated with the picpaiation of precipitates and the sampling of saturated 
solutions We do not feci that the present work has settled the matter ccimfortably, 
and are reminded that solubility is only one ol the heterogeneous processes reported 
to be subject to pieviously unsuspected ladioisotope eflects It seems important that 
this matter should be studied lully 

li;(iii,iir This wolk was siippmlcd a Naliniia] Slilucc I oundation grant for scientific 
lese iieli and also by llic NSI Lfiideigi ulu ite Research l-’rogranime 

' ' V [ Spiis'iS Soi it’t ('lh‘ini\ri \ fai/ai (p 107) A series of sk lectures published by the National 
keadeiny ol Seicnecs — National Rcsciieh Council. Washington D C (1961) 



J Inorg NucI Chem 1961 Vol 2^, pp 771 lo 777 Pergamon Press Lid Primed in Norihcrn Ireland 


THE PERBROMATE PROBLEM 

D S Ur(h 

Quten Mary College, London L 1 

^ Received ^ Oddher 1962, in levised (onn 19 Januar-^ 1961) 

Abstract- The a and n bonding in the anions XO," formed by non-metallie members of the second 
and third rows of the periodic table is examined in some detail hvidence is found for efficient tt- 
honding from Si, P, S and Cl Also in these elements the 3i-orbital is progressively more tightly 
bound so that the a bonds are weakened Perchlorate especially depends on good rr bonding for its 
cxistanec I he radi.il functions for VI and 4d hydrogen-likc atomic orbitals are considered and it is 
concluded that 4r/-orbitals will be much less clficient at tt bonding than IrAorbitals Since the it 
liamcwork for perbroniate will be similar lo that lor perchlorate the absence of good n bonding is 
latal The chemistry of these and related anions is interpreted in the light of these theories 

CiifMiCAi. bonds may be formed between atoms when the following conditions arc 
liillillcd 

(1) orbitals belong to the same symmetry class, 

(2) orbitals overlap eiriciently, 

(3) the energies of the orbitals are similar 

Gioup theory will determine condition I Outside the first row of the Periodic 
table it IS not always easy to determine whether condition 2 can be fulfilled Whilst 
(he angular poitions of atomic wase functions arc often desciibcd the radical function 
IS commonly ignored Yet it is this function that will be vital in determining whether 
.1 given atomic orbital (A O ) can oi cannot overlap well with another AO In this 
papci the efficiency witli whicli 3(/and 4(/-orbitals can overlap with nearby 2p oxygen 
orbitals will be considered in some detail The third condition may result in quit, good 
oveilap contributing only a negligible amount to the overall stability of the molecule 
As with radical A O functions it is not always easy to calculate the exact levels of 
atomic orbitals when they aic making bonds However, estimates based on atomic 
spcclid'*" give a rough idea of the energies cil atomic orbitals '■> 

--hoiuliitg with icioiul luw c/cmcni'i 

f irst row elements arc characterized by planar anions siicli .is COp and NO,“ 
whilst m the second row vciy stable tctiahedral anions SiO^'' , P()|^ SOp and CI 04 ~ 
lie foimcd The absence of tetialiedral oxy-compounds fiom the first tow is not due 

" f' \ CotiLSON, Valance.p 71 Oxford ( 1 9S2) 

' K S MiutlKlN, P/iis Rei 43. 279(190) 

I 1 Rosi-NTiJAi .ind G M Mimi’tiv Hit Mod IVn^ 8.317(1916) 

"II Tvrin(., J WAiiiKandG T Kiwimi . Qinwtion ( In nii\iii p 172 A. 227 J Wilev, New 
V oik (1944) 

M A MriviN, Rev Mod Ptns 28, 18(t9S6) 

' [ Moori, Tables of 4mmi( /.migi lents (N.ition.il Buteau of Standards Circular No 467) 

I'S Gov Printing Odicc Washington D C (1949- '2) 

H H JAHi.y Cbeni Ldac 33,2^ (1916) 
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to steric reasons for esters of ortho-carbonic acid, C(OR) 4 , are known The stability 
of second row anions XO 4 '' may therefore be due to the presence of vacant 'id- 
orbitals on the central atom to winch the excess negative charge on the oxygen atoms 
may be donated by means of 7 r-bonding Group theory shows that the r/-orbitals 

(L and T,) have the right symmetry properties for overlap with lone pair orbitals on 
the oxygen atoms (£, T, and Bonding is therefore possible Oxygen is a 

strongly electron attracting element so the n-bonds will be distorted towards the oxy- 
gen atoms, leaving the </-orbitals of the central atom more exposed to the nucleus than 
in the free atom The i/-orbitals will therefore be more tightly bound and reduced in 
size In overlap with oxygen 2/i-orbitals these effects will lead to more efficient bonding 
(conditions 3 and 2 respectively) rr-bonding would thus seem to offer an expla- 
nation of the exceptional stability of these second row tetrahedral oxy-anions Further 
evidence in support of this argument is the correlation between rr-bond order and bond 
length found by Cruic kshank'*^’ 

a-hoiidw^ 

The above discussion of 77 -bonding presupposes that the tetrahedral anions arc 
firmly held by an underlying ir-bond network based on “r/i'’ hybrids” of the central 
atom orbitals Van Vlec has shown that if the difference in energies between the 
s and /7-orbitals is large then the assumption of r/i’ hybridization gives erroneous 
molecular orbital energy levels, even though it does give an adequate description of 
the electron distribution about the atom When the complete secular determinant for 
the molecule is written down, terms such as (where, =- -I I 

+ 4’^ Jr %'t, - 1- - <f>xjr two hybrids from x) are not 

equal to zero, as required by simple valence bond theory, but to one quarter of the 
energy difference between y and p AOs 

In Fig 1 are plotted the relative energy levels of atomic orbitals for various atoms, 
determined by the method of JAFFt;'"’ from atomic spectra 

Since the purpose of this paper is to consider the stability of various tetrahedral 
structures, the energies of the molecular orbitals (M Os) must be determined as accu- 
rately as possible It can be seen from Fig I that the s-p energy separation is very large 
for many atoms and the assumption of sp^ hybridization would introduce large errors 
Also since s and p-orbitals correspond to irreducible representations of a regular 
tetrahedron the use of basic A Os is simpler than the use of hybrids 

In X 04 ’'“ the 25-orbitals of the oxygen are so tightly bound that they may be 
Ignored Bonding will be due to the 2/7-orbitals One such orbital from each oxygen 
may be supposed to be directed at X These four orbitals combine to form 
molecular orbitals of symmetry and On X the s orbital has symmetry and 
the three p orbitals T,^ Condition 1 is thus fulfilled for n-bonding In the absence ol 

L Paulino, The Nature of the Chemteal Bond (2nd Ed) p 241 Cornell, lihica, N Y (1944) 

'»> L Paulino, y P/ns Chem 56, 361 (1952) 

W Moffit, Pwf Roy Soc 200 A, 409 ( 1 950) 

(HID P Craig, A MacColl, R S Nyhoi m, L E Oroll and L E Suiton J Client Soi 3 '2 

(1954) 

O'*' H H JAFFt, y Phys Chem 58,185 (1954) 

G E Kimball, y Chem Phys 8,188 (1940) 

(MID W J Cruickshank, y Chem Soc 5486(1961) 

<“>J H VanVleck, y Chem Phys 1, 177 (also 219) (1933) 
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evidence to the contraiy it seems reasonable to suppose that condition 2 is also met 
but as can be seen from Fig. 1 the energy match for .-t, overlap progressively worsens 
Irom silicon to chlorine (also from germanium to bromine) Indeed for chlorine it is 
piobdble that the 3s orbital plays little or no part in the bonding of the oxygen atoms 
The assumption that the tetrahedral oxy-anions have a strong a-bonded foundation 
becomes less and less true fiom silicate to perchlorate The stability of these anions 
depends increasingly on the efficiency of the 77 -bonding This is clearly seen both in 
the bond length contraction* (sec tables. References 8. 14) and also in their general 
chemistry 

Where p-d ir-bonding is very important for the stability of the molecule any 
reduction in that bonding should lead to a decrease in stability Thus with silicon re- 
duction of /j-t/-bonding by the formation of second bonds to the oxygen atoms proceeds 
lieely, leading to amphiboles, micas and silica itself For phosphorus, too, such poly- 
inciization is possible , (PO,),,” etc) but is not so widespread, nor are the 

products so stable With sulphur a further reduction, both in readiness of polymeri- 
sation and stability of polymer (e g S_, 07 '^ (SOj),. (SOJ„ etc ) is observed and with 
-hlorine the formation of just one covalent bond turns an amon stable to 400'^C (e g 
IsFlO,) into a dangerously explosive compound (e g HCIOj, ChO^, etc ) 

* this contraction may also be due to theiZ-orbitals experiencing stronger nuclear field tresm Si to 
' 1 so (hat more efTeetivc tt bonding results'* “-condition t 

t'cncral referenees to Inorganic and Structural Chemistry are from N \ SltxivvirK Chemical 
I mem sand their Compounds Oxford (1 *>50), and A F Wills Siiuciutal Inori^amc Chemistry. 
'trd Ld) Oxford (1962) 
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2i(l and 4d alomic orbitals 

Since the pattern of valency s and A O energy levels is similar for analogous 
second and third i ov\ elements, it w'lll be of interest to apply the ideas so far developed 
to the anions GeOj'’ , AsO,’ , ScOp , BrO, The same reduction of c-bond strength 
will oecLii and the stability will depend incieasingly (from left to right) upon the effi- 
ciency of Ad-lp 77-bonding Condition I is fullilled and the inductive effect of the four 
oxygens w ill ensure that 3 is also met In order to determine w'hether condition 2 can 
also be fulfilled some estimate of the lelative radial functions for 3r/and 4f/-orbitals is 
necessary The simplest approximation to the ladial functions for atomic orbitals is 
due to Slaii r*''' These functions are most useful w-hen considering bonding betw'cen 
oibitals subject to a reasonably lai ge etfectixe nuclear charge (Z) Under this condition 
the nodes of the atomic orbitals will be diawn very close to the nuclei and out of the 
bonding icgion The nodes may thciefoie be safely ignored Such is not the case for 
the }'d or 4f/-orbitals, considered in this paper, whicli aie well screened from the 
nucleus (Z say 3) For these orbitals a more accurate description than the Slater 
approximation will be necessaiy 

In Fig 2 normah/.ed hydrogen-like ladial functions {R„i) are plotted for 3<'/and Ad- 
oibitals for various values of Z It is reasonable to use hydrogen-like w'ave func- 
tions for this preliminary study, lather than the moie accurate Haitice-Fock self-con- 
sistent held functions*’'" since the two have a qualitative similarity and since bond 
formation will cause distoition of the atomic orbitals lendeimg the I lartrec-Foek 
rehnements for an isolated atom irrelevant 

In ordei to estimate the strength of the d-p 7r-bonding the integral J dr should 

be calculated However, it is often assumed that the resonance and overlap ( ) rpp ip,i dr) 
integrals are pioportional’-'" and the latter are usually easier to find Since in the 
molecules under consideiation the 2/;-oibilal of oxygen and the angular functions of 
the r/-orbitals are constant, a comparison of the 3d and Ad radial functions at the 
critical distance (1 5-2 5 A) will permit a qualitative estimate of 
SVzji Vhd be made The ratio of these two integrals will be a measure of the relative 
efficiency of 2p-3d and 2p-Ad tt bonding 

If it IS supposed that the effective Z for 3</-orbitals of a 2nd-row atom surrounded 
by four oxygen atoms is not greatly diflcrcnt from the effective Z for the 4((-orbitals of 
the 3rd-row analogue i n a similar situation, then a direct comparison of the radial func- 
tions, as shown in Fig 2, can be made From Fig 2itcanbeseen that 3t/-orbitals will be 
most efficient at tt bonding when Z~ 3 But for the same Z the node of the Ad- orbital 
IS so placed as to make fv’a,, VTi ~ b Thus it may be concluded that because of a 
difference in radial atomic wave functions the 4£(-orbitals will be much less efficient at 
77 bonding with 2/7-orbitals than 3(/-orbitals in comparable situations 

"’'J C SLATrR, Rii 36,57(1930) 

L Pauling and L B Wilson, Introduction to Quantum Mahames, p 1 35 McGraw-Hill, New 
York (1935) 

<*“' S R Harirll, The Calculations of Atomic Structures, J Wiley, New York (1957) 

( 20 ) g Mullikev, J Amer Chem Soc 72, 4493 (1950), C A Coulson, Valence, p 83 Oxiord 
1952, H Eyrino, J Walilr and G E Kimuail, Quantum Chemistiy, p 213 J Wiley, New 
York (1944), L Pauling, The Mature of the Chemical Bond (2nd Ed ) p 76 Cornell Itliiea, 
New York (1944). 
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I'k. 2(a) --Noimali?cd hyrfrogvn-like ladial fuiKUoiis for \anous ^alues of efTcctnc 

nuclear charge (/) 


Key - (a) 


8. 

Z -4 

(b) 


6 

Z — t 

(c) 


4. 

Z- 2 

\l 


- 

4(1 


The dislance cooidinale is shaded where ihc oxygen 2/)-orbitals will be of maximum 

imporlance tor w-bonding 


rhe chemistry ofZid /on element}, m XO," 

If these conclusions are true those ions which depend on Ad-2p 77-bcsnding to make 
up lor dehciencies in rr-bonding will be unstable or unknown The senes germanate, 
aiscnatc, selenate. perbromate should be maikcd by increasing iiislability, as is in fact 
observed In germanate and ai senate the lack of gtiod rr-bonding has little effect on 
stability (/f, M O IS still contributing to a bonding) but a greatci tendency to polym- 
erization and colloid formation is obserxed for ai senate when compared with phos- 
phate Selenate is maikedly less stable than sulphate, and is more easily reduced 
I’cibromate is not known It is for the halogen tetra-o\y anions that the rr-skeleton is 
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weakest and most m need of 7 T-stabilization But the 4t/-oibitals of bromine are ineffi- 
cient at 7 T-bonding and so perbromate is unstable A further effect of the weakness of 
^d-lp TT-bonding is the small diftcrence between the Schomaker-Stevenson corrected 
bond lengths and the true bondlengths (Table I) 

Further discussion oj the chenustrv of 2nd and 3rd row oxycompounds 

Other oxy-anions besides XO 4 ’' ^ are known, e g sulphite, chlorate etc Since p-d 
TT-bonding depends on electronegative elements being attached to the central atom 


Taull I Bono-LfnciThs in XO/ (A) 



1 

2 

3 


Covalent 

(1) with Sc llOMAKLR- 

Observed 

XO," 

radii sum 

Sffvfnson ccFrrectioii'"'’ 

bondlcngth 

GeOi^ ras(GeOj)„^'‘ )'“' 

I 96 

1 80 

1 84 

As04®-'^” 

1 95 

1 81 

175 i: 0 5 


V Sc HOMAKFR and D P Stfvfnson, 7 Amer Chem Soc 63,37 (1941) 

Y Ginefti, Sh// Soc C/iim Belp 63,460(1954) 

L Hflmholz and R Lfvinc, 7 Amer Chem Soc 64, 354(1942) 
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the efficiency of this bonding will decrease in a senes such asC104“,CI0j C102^C10~ 
Chlorine -oxygen bond lengths for the first three arc 1 46, 1 48, 1 57 A, this extension 
might well be due to a relaxation of rr-bonding 

In the tetrahedral case the o-bonds were weakened if the central atom /Ij A O 
became too tightly bound However, XO,"' -type amons have symmetry, the 
central atom valence A Os being, j, p^. & £ The three p-orbitals pointing 
towards X from the surrounding oxygen atoms are in groups and £ Three strong 
rr-bonds can therefore be formed from X's three /-orbitals and the lone pair will 
remain in the s, /f^-orbital Thus for XO^" , XO2''", XO” p-d 7r-bonding will never 
be necessary, in the sense that it is necessary for perchlorate Also, ignoring for the 
moment ir-bonding, the tendency to form XO," instead of XO," ' will incicase as 
the s orbital becomes more tightly bound 

This IS clearly shown in the chemistry of these elements Silicon docs not form an 
ion of the type XO3" ‘ With phosphorus a hydrogen is bonded to the “lone pair” so 
that PO,'’^ IS unknown, the ion is the tetrahedral HPO,,“ (cf H^PO, ) Sulphite 
is well known but is easily oxidized to sulphate and the “lone pair” can also pick up 
hydrogen to form tetrahedral HSO, in concentrated solution 

Chlorate is far more stable and is only oxidized to perchlorate with difficulty A 
very similar gradation of properties is found with the third row elements Germamtes 
possibly based on GeO.,^" are at best rare and unstable Arsenites are easily oxidized 
lo arsenates By contrast selemtes and bromates are much more stable The addition 
of TT-bonding to this picture should make the 2nd row XO,"~ anions more stable than 
I heir frd row analogues Thus, for example, the heat of formation (Af/,”) of HCIO3 
<asi ) is 24 kcal mole'^ but that of HBrO, (aq ) is only -12 kcal mole ' 

Indeed the existence of such 10ns as sulphite, chlorate, selenite and bromate with 

'R M Goloino,/ Chem Soc tTtl (I960) 

llaiulhook of Chemntrv and Ph\ 40th Ed , 1864 and 1867, ChemiLa! Rubber Publishing Co , 
Cleveland, Ohio, U S A (1959) 
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lone pairs of electrons is good evidence that one pair of electrons is in fact tightly 
bound It can be seen from Fig 1 that the ease of ovidation cvf SO/', ScOj^ , CIO,', 
BrO, , IS roughly related to the tightness with which the r A O is bound (even though 
the stability of the product is governed by other factois) 

A similar effect is found even in the hrst row of the peridic table where the oxygen 
2 s-orbital is tightly bound and plays little part in covalent bond formation, oxygen 
has a maximum covalency of three but for nitrogen and carbon it is four 

Since at least three covalent bonds may be formed with ease by all the elements 
considered in this papei ions such as XO^" , XO" will be subject to ready oxidation 

4//; roil elements, Sn, Sb, Te, 1 

I he chcmisti y of these elements is often nearer to the second row member of 
their group than to the thud low member, (eg PCI 5 , SbCI-„ no AsClj, CIO,'. lO, 
no BrO, ) yet it seems probable that the (T-striicturcs of analogous compounds will 
be similar and that StZ-orbitals will be no more efficient than 4t/-orbitals at 7 r-bonding 
It might well be that 4/ and not 5(/-oibitals die used It is hoped to make this topic 
the subject of a latei paper 
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SINGLE CRYSTAL DATA OF SOME TETRAMERIC 
ALUMINIUM ALKOXIDES 


E L Amma 

Department of Chemistry, University of Pittsburgh, Pittsburgh 13, Pa 
{Receivfil \ Not ember 1062) 

Abstrael — Single erystal data of aluminium alkoxides arc reported The alkyl groups are methyl, 
ethyl, and isopropyl The unit cell of aluminium isopropoxide is consistent with a tctrameric entity 
but not with a chain type of polymer 

I III aluminium alkoxides, AI(OR),, have been known for some time to exist as 
tetiameis in benzene solution This together with the small dipole moment in ben- 
zene suggests a closed structure similar to that proposed by Sutton and Sidcavick*^’ 
for TIOR, Fig I Recently the Tl atom pctsitions have been verified by single crystal 
X-ray dilTiaction 



OI course, in the presence of the many electron Tl atoms the oxygen and carbon 
position could not be determined by X-ray dilTiaction Hence the oxygen atoms 
could be at the cube corners, co-oidinated to thice Tl atoms in TIOCH, or to three A1 
atoms in Al(OR),, alternately the oxygen atoms could be situated alcmg the face 
diagonal ol the cube and bonded to two metal atoms Piovided that the usual 
diflicultics m a structure analysis can be overcome the oxygen and carbon positions 
should be determinable in the aluminium alkoxides 

' It A Robinson and D A PiAK.y P/n\ Chtni 39, 1125 (1935) 

II UlunandVV Nrsi'li ai , /T T/ii ' Chem 165 , 294(1933) 

'si V SiOGWit k and L T SurioN,y Ch<m Six 1461(1930) 

I P Daiii , Private communicaiion ( 1962) 
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The fact that the melting points of many of the aluminium alkoxides are high 
'-100 C eornpaied to the boron analogues, whieh arc generally liquids, is consistent 
with some soil of polymer m the solid state In the course of our investigations of 
metal alkoxides, we ha\e obt.iincd single eiystals of some aluminium alkoxides 
suitable foi difli action studies 

I XPhRIMLNT AL 

the crude aluminium alkoxides were prepared from ihe appropriate alcohol and aluminium 
amatgim by the proccdiiic given by Adkins' ’ The crude compounds were then treated in a variety 
ol wavs depending upon the alkoxide, in attcinpls lo obtain single crystals 

AltOC l^^), insoluble, infusible powder no single eiystals could be grown 

\1(()C.1I,), -crude conipoLind was extracted in a soxict cxtiactor and solvent removed under 
vaeuuin LJndei these eonditions this eompound readily forms glasses in ethanol, hexane, carbon 
te'tiaehloride and most eominon solvents Vacuum sublimation was also unsuccessful Perhaps 
partial eiyslalli/ation ol the glass is the cause ol the ageing effect '*> Single crystals were obtained by 
lapid cooling ol the solution luim the ethanol cxtiadion, but they were never completely free of 
glassy material 

AltOi Cjlip, eiudc mate'rial extraeted with hexane in a soviet extractor and solvent removed 
under vaeuuni Readily lorms good single eiystals 

Crystals were sealed in tliin walled glass capillaries for dilliaction data Densities were measured 
by dotation in hcxane-cai bon tetraebloi idc mixtuies 1 attiec paramcleis were determined by back- 
leflection techniques with <'uA/ radiation 


Rl SULTS 

Al(OC'.H,)i a -- J2 17 + 001 A 93 ' 

b 2« 70 : 0 01 A 
c - 19 98 i. 0 03 A 

Systematic extinctions 

liOl, h ' / 2/; only present 

0^0, A — 2n only present 

Space group P2Jn 

Z 24 moieculcs/unit cell 
p observed 0 95 g/cm'* 

peak 0 93 g/cm* 

AI(OiC,H,), -Tetragonal a /r - 12 59 0 005 A 

c 32 00 I 0 005 A 

Systematic extinctions 

00/, / 4// present only 

liOO, h 2n present only 

Space Group /’4i2,2 

Z = 16 molecules/unit cell 
p observed -= I 07 g/cm’ 

p calc I 07 g/cm"* 

H Adkins, y Anier Chem Soc 44,2178(1922) 

D C Bradlfy. Progress in Inoiganic Chcmntri. Vol 2 (Edited by F A Coi ion) New York 
Interscience (1960) 
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DISCUSSION 

Aluminium isopropoxide is the most tractable problem in terms of a single-crystal 
structure analysis The 16 A1 atoms can be placed in two sets of the eightfold general 
positions Placing the Al atoms in these positions places certain restrictions upon the 
nature of the polymer in the solid state An infinite polymer extending along the 4j 
axis IS ruled out because of the large c-axis A similar argument in terms of distances 
rules out infinite polymers in the a, b plane and inclined to the a, h plane However, 
the existence of a tetramcr is consistent with the space group /'4j2j2 

Wc have obtained complete three-dimensional Weissenbcrg data for the aluminium 
isopropoxide and are proceeding to solve the structure 

ickiKiHlcdt^einenl I his research supported by A f C contract AT (30 1) 2669 
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X-RAY STUDY AND THERMOELECTRIC 
PROPERTIES OF THE USuGe, . SYSTEM 

L H Brixni r 

E 1 clu Pont de Nemours & Co Pigments Department 
Wilmington IXUw.are 

(Receivit! 12 Deiciiibi’i 1962) 

Vbstraet A senes ol solid solutions of US13 and UOe, h.is been prepared to demonstrate that 
eompicte solid solubility exists, with dependene'e on Vegard s Law I he electrical resistivity, Seebeek 
eoelTieient and thcimal conductivity have been determined to eharaclerize the compositions in the 
L'Si.tje, , system by their thermoelectric 1 igure of Meiit 

Most transition metal silicides <ire metallic conductors Semicoiidiictmg transition 
metal silicidcs such as CrSo and ReSi, are rather rare Since only 66 66 per cent 
ol all atoms 111 a disilicide ,ire silicon, whereas in a trisilicide wc ha\c 75 00 per cent 
silicon on an atomic basis, it was of interest to see il a trisicicide such as USi, would 
exhibit semiconducting properties 

Trisilicides are quite rare, and only two or three species are mentioned m the litera- 
ture BtJDDiRY and Wilch<-' first indicated the existence of IrSi, Bxhs and 
S( HLni R i''” reported hexagonal lattice parameters for this trisihcide Brai cr and 
Haag'"*' first mentioned USi,, which was later confirmed by I-rost and MssKRts’’*. 
who described the simple cubic structure of both LSij and UGcj The uranium has 
twelve nearest Si or Ge neighbours in this structure at a distance of 2, whereas 
the Si and Ge have four nearest IJ atoms at the same distance The fact that the 
liigermanidc and trisihcidc ol uranium arc isostruclural afforded the possibility for 
complete solid solubility in the system USij.Ge, j. therefore, wc undertoolc lO study 
the structural and thermoelectric parameters ol the system in the hope that the thermal 
conductivity of the solid solutions might be reduced as had been demonstrated in 
the Si/Ge system 

To complete the list of trisilicides, wc should also mention BaSij Wohli r and 
S( gave some evidence for the existence of this compound In some of our 

own experiments, we prepared a barium sihcide by arc-melting the constituents 
(found, Ba) 62 5, Si, 36 8”,, (Ba Si - 1 2 9) It is an n-t\pe semiconductor 
vicldmga complex X-ray pattern free from lines of the elements 7 he pattern indicated 
low symmetry and could not be mterpieted structurally without work on single 
crystals 

V S Nesphor and Cj V Samsijnov, L’/imr w 5, 877 880 (1960) 

’ J H Buooery and A J F Wi lc'h, Mc/wc, L<«/</ 167,162(1951) 

S Bahn and K Schubfri y' AtflallKiimlc 5i, 127 (I960) 

G Braulr and H Haag,./' Aiiors; Chcni 259,197-200(1949) 

’B R T Frost and J T MAsKREs,y 60/ A/16/6 82, 171 80 (19S1 4) 

Me SlEriE and F D Rosi, y App! P/iw 29, 1517 1520 (1958) 

'L Wohler and W Schuif,/ 41101 " Chem 209,11-59(1912) 
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I \PJ RIMLN [ AL 

I he solid solulitins dLseiibed m this p.ijxr vvcic prcpdied eilher by the powdcr-mel.illurgn.dl 
iLchnique ot stdiing the higli-punlv eomponents (weighed to the ne.iresl milligram) in quart/ 
ampoules and he ding to 1200 ( lor 20-40 hi, oi by direct eombm.ition in an arc melt Laeh 
teehnk|ue It is .Kbantiges and dis idv.int iges In the hist ease, the reaetion product is a powdei 
wine h e.m be piessed c isily into .mv desiied shape but the eompaet needs to be sintered subsequently 
to tievelop sireiigih Depeinlmg on the sintciing tempei.ituie, the densities obtained by this treatment 
V iried between 80 .ind 04 pel cent ol theoictie il Are-melted billions, on the other hand, were 
ess.nli illv 100 pci cent dense but lequiied m.ichining in ordei to obtain any desired geometry 
bor eomposilions high in geimanium concentration, the hrst route was genei.illy preferred because 
of Cie losses duiiiig .iie-melling The eompaeled b.iis weic sintered by induelive heating in a w.itcr- 
eooled copper boat 

C I I i/u/Zugi iipliii ( liiiriii U I iziiliDii 

S imples lor X-r.iy siudies were genemlly l.iken fiom the centre of molten specimens They weie 
crushed in .in agate morl.ii to i p.irtiele si/e of 425 mesh Powder ditlr.iction patterns were taken 
with a Phillips I 14 6 mm diamelci eamei.i it 25 C The samples were sealed in 0 2 mm diameter 
Lindem.inn glass eapillaiics .md escic espe'sed to the Kj, radiation of copper (/ 1 5418 A) for 

between 4 .ind 6 hr D.nsiiies were dcteimincd by vicuiim-distdling CC I4 onto the sample 
eonlained in a 5 ml pycnometei The parameters given in Table 1 can be considered accurate to 
0 005 A II the para meters or thetlcnsiiiesgiven in the 1 able arc plotted as a function of composition 
a str.iight line will be obt. lined, mdic.itmg a Vegard’s Ltvv dependence is observed For USijOca ,, 
Uii ein be expressed ,is the fssllowing lunetion of v 

0 0455x , 4 190) 0 005 


IvtltLl LMIKI l•ARAM^I^RS or I nr llSlj.f le I SYSI tM 


X 

Comp 

</„ ( A ) X-r.iy 

a„ A (c.ilc ) 

Unit cell 
volume (A*) 

p (X-r.iy) 
(g ml M 

0 

U(>e, 

4 196* 

4 196 

73 88 

10 245 

0 5 

USi ,Oe, , 

4 170 

4 173 

72 51 

9 929 

1 

LSiCjCo 0 

4 153 

4 151 

71 63 

9 535 

1 5 

1 fSi 1 jCjC| h 

4 128 

4 128 

70 34 

9 184 

20 

USi, „Cjc 

4 104 

4 105 

69 12 

8 812 

2 5 

USi, ,Ge . 

4 081 

4 082 

67 97 

8 417 

4 

CSi, 

4 060* 

4 059 

66 92 

7 997 


* I hese parameters arc m good agiecment with those picviously repotted oy Frost and Maskri v 
(Ic ) 

Elcitncal pi open u s and llieimal condiulii ily 

In order to evaluate these compositions as thermoelectric materials, we determined the pertinent 
parameters namely, electrical resistivity p (12 cm), Seebeck eoelTicient S(/iV/deg), and thermal 
conductivity Afwatts/cm deg) in order to be able to compute the ‘ Figure ol Merit" Z(deg *) given 
byZ ^5- p ' A ' The samples used for theelecirical measurements were bars, 1 m jin 2in 
which were either hot-pressed (1000 C, 6000 lb in -) or cold-pressed and subsequently sintered by 
inductive heating to between 1000 and 1400 C hither procedure yielded densities around 90 pei 
cent of theoretical, and all data are characteristic of this condition only, no extrapolation to theo- 
retical densities hav ing been attempted The d c resistivities were determined by a two-point method, 
using a standard 0 01 LI resistance, a 2V battery as a power source and a Leeds and Northrup Type 
K.2 potentiometer Considering sample inhomogcneitics, an accuracy of no better than _L5 per cent 
can be claimed 

I he effect of the actual density of the specimen on the electrical resistivity is best demonstrated 
by the values in Table 2, which were obtained with samples of varying densities 
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Tabu 2 -Comparison oi riicrRKAi Rtsisriviiits on sampi rs oi diiiirlnt 


OFNSl 1 II s 


C omposition 

p, 25 C 
(jiLl cm) 

p, 196 C 
(/lil cm) 

Density 

US13 

21 

5 3 

100 (arc-mclled ingot) 

UOe. 

36 

8 6 

100 (arc-melted ingot) 

US13 

37 

- 

79 

IJOea 

59 


81 


The Seebcck coefficient was measured with a Type K2 potentiometer Theimal emf was 
[generated by butting the bars between two copper blocks turned from the same piece of stock, 
otic ol which was healed by means of a healing tape, the other water-cooled by a coil soldered onto 
the block The temperature gradient was measured by means of two thermocouples located in holes 
drilled to the centre of the bar immediately behind the contact faces Here again the error is about 
I 10 per cent Thermal conductivity for most samples was measured only at room temperature 
by a technique similar to that described by Wnss"*' The apparatus consists essentially of a healer, 
whose input m watts can be .iccurately determined, the cylindrical sample (■ — \ in diameter Jim 
thick) and a heat sink, geneially held at room temperature In order to cut r.diation and residual 
gas conduction losses to a mininiuin, the whole apparatus is placed inside a silvered vacuum chamber 
which IS held at --“lO - mm Hg Calculation ol A is according to 


where / is the length of the sample A the cross-sectional area and Q the heat input A sample of 
AgSbrcj with a reported thermal conductivity of 7 8 mW cm ‘ deg ' gave values summarized 
111 1 able 3 We can sec that even with threefold variation in A f reproducible results were obtained 
on this low'-conductivity material With simples of high conduclivity, this was not the case and 
we h.id to use longer s implcs with holes drilled from the side to the centic of the cylinder into which 
the thermocouples were fixed with conductive epoxy resin Ihis technique yielded reproducible 
icsLilis to 5 per cent 

fAniF 3 — Thfrmai rosDiK nsiis or AgSbTe. 

Thermal conductivity in 
ATacross sample ( C) (mW cm ' deg ') 

8 98 7 89 

1166 7 91 

TS 85 7 78 


Thermal conductivity at elevated temperatures was measuicd lor VSi^ sinly by the technique 
described by Kinc,lry‘*‘ The sample used w,is ,i hol-piessod J in diameter cylinder I m long 
I iic test specimen was s,vndwiched between tvso standard riumuiii rods of the same dimensions 
V Inch were obtiuned from the Norton Comp.iny and h,\d a reported thermal conductivity over the 
temperature range studied of 0 02 W degree ‘ cm ' As soon .vs the thermal current was established 
IS equal through both standards, the thermal current through the sandwiched unknown together w ith 
the temperature diffeience, gave the thermal conductivity 

I he room temperature data are summaii/cd in 1 able 4 .ind Vig 1 gives the thermoelectric 
piopcrtics of US13 as a function ol temperature 

In general, we can see that both the electrical resistivity and the Seebcck coefficient lor all com- 
''’siiii>ns increase with temperature The columns marked Ap ,irid AA give the change of these 

' H Wiiss, P/iyi Lpz 4 , 121 (1959) 

' J hRANttandW D KiNoiRv.y Two/ Cemm S<>c y!,S0 84 1 1954; 
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TM)I ^ 4 tlKlRTCM I’ROPFRTIFS OF SOMF I 'Si ,CiC, ^ >''l > IONS AT 25 C 



f! (uil cm) 

k (W/em ' dcgiee ') 

Ap 

(nil eiii/ C) 

S (/IV/ C) 

Z (degree ' 
I0‘) 

AS 

(/<V/ C) 

rsi, 

17 

0 20 

0 095 

; 18 

0 44 

0 031 

USi. Ge„ , 

41 

0 17 

0 1 1 

1 IS 

0 47 

0 041 

USi „Ge, „ 

41 

0 ISs 

0 12 

17 

0 43 

0 044 

L Si, ,Gc, 

M 

0 14 

0 16 

. 19 

0 51 

0 058 

1 Si, mCiCj „ 

49 

0 115 

0 1 1 

' 13 

0 26 

0 069 

1 Sr„ ,CiG , 

51 

0 15 

0 18 

14 

0 25 

0 070 

1 'Gi. , 

S9 

0 IS 

0 17 

12 

0 19 

0 071 



Temperolure, °C 

Fic, I -1 her moclcslric propcilics of bSi, ,is a funslion of tempcoituic 


properties per ( fhe eleetrie.il properlics h.ivc .ill been mc.isurcd up to 1000 C’ .intl up to this 
point inerc.isc pr.ietie.illy line.irly \eiih lemper.iture Wc e.tn noliee that going from str.iight silieide 
to str.iight germ.inidc the iiierc.ise of both resistivity .md Seebeek eoelheicnl becomes steeper I ig I 
.ilso includes the therni.il eonduetivity ol USi, .is .i function ol teinper.ilure, and \ee can sec that it 
vanes roughly as / ' If wc assume the same Icmpcratuic beh.iviotir for IJSi, ..Gc, , taking 0 07 
W/em ' degree ' as thermal conductivity at 1200 C, wc can extrapolate a Figure of Merit ol 
0 5 10 " degree ' which represents probably the top range of tjuality for these types of mateiials 

ModifiKUKiin of USi, 

The rather intriguing simple cubic structure of USh, which may be considered an ABO ,-type 
perovskite structure with the B atom missing (sec Fig 2), olTercd the possibility of attempting the 
preparation of some silicide analogs of the type UMeSi, Using the Gtji nsr hmiot' formiil.i f<" 
the idc.il perovskite, r, r t„ (/„ („), we can get an idea on the si/e atom which may fit tlu 

hole m the USi, structure Since wc do not know to what degree metals would ioni7C on cnlciuit' 
the IJSi, structure the Goluschmidt rule was only a rough guide As atoms, essentially only carbon 
and boron might fit the hole The following elements were arc-melted together with the stoicheio 
metric quantities of U and Si to form UMeSij Ag, Cr, Fe, C and B UCrSii and UAgSi, g.o^ 

1101 V M Goldschmidt, Oeocherf] Verteiluni^sges Vlf (1926), VllI (1928) 
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hK. 2 Comparison ol US 13 and ABO, structure 

essentially a USi, pillern ssilh slightly expanded p iramelers hut did not show any Cr or Ag lines 
1 Ins might suggest that t r or Ag form seilid solutions tsitli USi,, siibstitulmg (or U as svell as (or Si 
In the case of LIteSia obtained seime single eryst<ils exhibiting pi itc-like tetragonal symmetry 
I he following paiameters could be assigned a„ 4 01 A, r„ 48 75 A space group OJJ I-Hawd 
Ihesc data weie derived from Latie rotating crystal and precession photographs The intended 
I t-Si, and UBSi, also gave only the well-known I'Si, pattern Since no graphite or boron could be 
detected these atoms are either m the i i J position of the I 'Si, striiciure or are amorphous to x-rays 
r he eleelrieal properties ol all these modilicd compositions were rot signiheanlly enough different 
lioni those (or pine I 'Si, to be studied in tnv detail 

DISC C'SSION 

The solid solutions of USi, and UGe, are essentially metallic in nature Since the 
arr.iiigemcnt of atoms m the particular LIX, structure permits a high coordination 
and hence the opportunity lor strong metallic bonding, we have this character 
renctled m the low electrical reststivity. exhibiting a positive temperature coefficient 
and the low thermoelectric power It was, therefore, hoped that the thermal conduc- 
tivity in the solid solutions could be sunicicntly lowered to make these compo .tions 
iise(til as ihcrmoeicctrics The high average atomic weight for USi, (80 6) and 
I '(jc, (1 13 7) as well as the high metal to nonmet.il ratio (8 5 tor USi,) should be in 
lavoLii ol a low thermal conductivity The data in Table 4 indicated that a reduction 
III A was achieved by forming solid solutions but the cllcct was not nearly as significant 
IS h.is been observed for the Si/Gc system Calculation ol the electronic contribution 
to the thermal conductivity according to the Wiedcman I ran/ l,iw indicates that 
ihcrc IS very little phonon contribution Despite the still high thcimal conductivity, 
"Hlications are that at 1200 C a l igure of Merit of 0 ? 10 ‘degree ' might be 

" liievcd Since these materials are thermally c|uile stable at these temperatures such 
[ lopcrties would constitute a ■.igmhcanl advantage ovci the sclcmdes and telluridcs 
"teseiu in developments 

' ^ How Ills 1 fie .uilhor grcMilv .ipprcciaKil Ihc cooper Uion ol Di Cj Tnii r in getting the 

Iveryslaliiata.ind Ihcassisuineeol Mr A T Wi inmxnn m obi lining the otiici I ilticc p.v imeters 
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NUCLEAR MAGNETIC RESONANCE STUDIES IN THE 
SERIES ZrF,.YHF>’H,0— 1 

THE CONSTITUTION OK THE HYDRATES OF ZIRCONIUM 

TETRAFLUORIDE 

S Marick', P Strohai and Z Viksm 

‘ Rudjer BoSkovn. ’ lnstitu(<-, Zagreb. ViigiisUvia 
(Receiieii n Deiemhtr 1962) 

Absiract I’roton and fluorine niagnelic resonance spectra prose that the hydrates of zirconium 
tetralluondc are correctly formulated as Zrb, H^O and ZrF, 1H,0 The results arc related to the 
pcsssihlc crystal structure of the trihydrate It is found that 10 20 percent surplus 'vater is unasoidably 
incorporated into the crystal lattice of the monohydratc prepared by the usual methods, hut pure 
inonohydrate could be obtained by dehydrating Zrh, 3H Y) at 1 10 C 

Various compounds of the general composiiion Zrr 4 rHE iH_,0 are of interest in 
connection with the recovery of uranium reactor fuel elements (alloyed with zirconium), 
during which the first step ts dissolution in hydrofluoric acid Recent investi- 
gations*' ■ ** of this senes of compounds have focused attention on the structures of 
the mono- and the tn-hydrate of zirconium tetrafluoride As no complete crystal 
structure work has yet been published, it seemed worthwhile to obtain additional and 
independent information regarding the chemical constitution of these two compounds 
(\ 0) The nuclear magnetic resonance method was conseinent for this purpose 

(or several reasons 

EXPl RIMLNTAL 

Sainpli’ piepaialion 

In addition to chemical analysis, both X-ray and NMR Icchnu^ucs wen. used in characterizing the 
pui,. compounds The last technique prosed especially useful in discovering admixtures containing 
li)diogcn, which otherwise would not have been detected 
Zrf , HiO was prepared in the (ollowing two ways 

(0 by dissolving reactor grade zirconium mclal in a I I mixture ol concentrated nitric acid and 
fft percent hydrofluoric acid as described by Chapman and Sianssv'^’ 

(n) by addition of 90 percent of the theoretical quantity of a 40 percent w /w aqueous hydrofluoric 
acid to zirconium oxychloride with the final acetone treatment as given in the paper of I9'Fv r it a/ 

I he final products, after drying to constant weight at 80“C, gave X-ray diagrams characteristic of 
the inonohydrate, according to the literature” Slight differences in the central part of the NMR 
spcctia were noted, and these arc discussed later in connccticvn with the dehydration of the trihydrate 
to the inonohydrate By lire first method one obtains a product in the form of coarse crystallites, and 
1 good NMR signal to noise ratio was therefoie achieved However the vicid was lather better in the 
cciind method, so that most cvf work reported here has been done im such a monohvdrate in spite of 
"incwhat poorer NMR signals 

R W M D'hYt.J P BuRiiLN and F A Harpir J Iiioip !^iiil C hem 2. 192 (1956) 

K I Wilts, U S A b C' Report IDO 14455 (1958) 
f N Waitrs,./ Jiiuip Null Chem 15 , 520 ( 19(i0) 

^ F; Chapman and C M Slansrv.U S A L C Report IDO 14442(1958) 

* Koi oriz and A Fiti/,Z Chem 310,217(1961) 
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I\so iiKlhods WLic aKti used loi ZiF, 7||,() 

( i) cillier (il tliL 1\\ u inoiuihvdiali.s, dried at r onm tern pc r.i I lire was dissolved in 6N mine acid at 
50 C (Il was toiiiid iieeessaiv to add some hvdiolluorie leid in older to obtain a pure product) 
\flei several davs ervsials est the trih^diatc weie li'imed I Ills procedure is based cm the data ol 
C 11 \r\i vN aiul Si vnski ' " 

( II) the second me (hod consists eif dissc'lv ing /neonuim oxide in hyelroniioi ic aciei , the insoluble 
pail w as ee'iiti ifugeel of) and the liquor cvapoiated to near dryness Alter some lime a piccipitate 
loims which is a iiiivtu/e of both the mono ind the tiihydrale It is conveitcd to the trihydialc in 
sever.il davs at room lemperateire by aeiding some I 1 nitiie acid 

The X-ray di i>;iams loi both s mi pies weie identical and in agieemeiil w ith the data ol Wa i ntso' 
The N\1R spcelia were also the same hut as the sceonei method was (ound somewhat sa/er most ol 
the NMR mcasiii eineiils weie done with such samples 

tllel/l tie Ilf 

the fliioiiiie in the hydiatcs was estimated by the pyreihyd roly lie method and by ladiomclne 
litiatioii of lluonde"'’ with eLiiespiiim iiiliale using ' '-I'u as a tiaecr The results obtained agiced 
w ilhin the expel imeiital el I Ol w ith those from thei mogiavimetry measui mg at 150 C and 10(K) C the 
weight of Zr()F-j and ZiO. icspeclively Ziieomum w.ts determined giavimetrieally as ZrO, by 
piceipitalion liom aejueoiis solution aiiel heating tea I0(X) C 

The amount of w Uei was calculated by dilleieiiec For the It ihydrale the loss eit weight at 120 C 
was also measuied 

Flic results of sever.il .inalyses are suiiim iiized .ns the ratios 

Zr F ItiO 

monohydrate I 181 1 19 * 0 04 
tiiliYdralc I 1 94 2 96 0 01 

rile high Zi/r lalio is .iccounled toi by the presence of seinic haliinim in the /ireoniimi used in this 
work a |soiiU .ilicady ineiilioiied by D Fvr </ <//"’ Obviously, the watei content in the trihydrate 
becomes smaller for this le.ison while the lesult foi the monohydratc must be atliibuted to surplus 
watei 

ippcn lllllS 

I he NMR speclroiiicter used was ol a eonveiitional bridge-type, with insulation in the probes 
made ol either Iclloii (lor proton icseinancc) or polythene (for fluorine resonaiiee) I he specially 
constructed sample-containers (see Fig I ) were tilleel undei anhydrous condition m a diy-box 

RtSULTS 

The room temperature spectra (absorption hist derivatives) of the tiihydrate arc 
given in Fig 2 The signal to noise ratio at lower temperatures was poor,* but no 
great change in the line shape of proton resonances was noticed as compared with 
Fig 2 However, the fluorine resonance showed signihcant broadening at 21 3TC both 
by the line width (increasing from 7 2 to 9 2 G) and the second moment value 
(13 0 gauss-) These seem to be the same down to liquid air tcmpeiaturc 

The results for the monohydrate are shown in Fig 3 There are three rcpresentatiw 
proton resonance lines taken at room temperature, which are (1) due to samples 
obtained by direct synthesis and dried at 80'’C, (2) from such a sample, but heated to 
constant weight at 200’C, and (3) due to a monohydratc sample prepared hi 
dehydrating the trihydrate at llO^C 

* Signals were p<irtially saturated even with an r f voltage across the probe of the order of 1 ni\ 

E I ONSiorrandW P Fius.Ana/yf Client 28,393 (1956) 
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At 2I3°K, line No 1 is still the same, but at 77 K it becomes somewhat broader 
with a shape similar to the line No 3 The fluorine resonances are practically 
unalTected by temperature 
BRASS 
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Fk; I Thcconlainti tor samples in NMR work 


DISC USSION 

The main object in discussing the present results is to hnd the correct chemical 
constitution for the compounds whose chemical formulae lepresent them as the mono- 
and li ihydrate of zirconium tetrafluoiide Most generally one can have the follow mg 
combinations 

A B C 

monohydratc ZrK 4 HX) Z 1 OF 42 HF IFZrOFj 

inhydrate Zrr,3Hp ZrOF, 2HF2HP H^rOPj 2H,0 



1 iti 2 Proton tind niunine magiiclic icMvnancc spectra o! /iiconiuni telranuiiride 
liihvdialc at room Icmpciatuie 

Some of these have been suggested in tlic iitciature. especially in the earlier papers, 
^'ut none seems to be established with suiricient ceitamty Koldiiz and Flltz'*' 
'^Icct for the monohydrale the torniulalion B and C because infra-ied spectra show 
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the dcfoi matidn band of the water niolceulc This result is not conclusive owing to 
the piesence of 10 20 per cent incoipoiated water in monohydratc samples prepared 
by the methods used to date 

We shall discuss later the narrow maximum in the proton lesonance line of the 
monohydiatc containing ceitain surplus ot water (cf Fig 3, line I) We note that all 
the three piolon lines in Fig 3 have the same line width of the broad component. 



ti(. S Prolon and llunrinc magnetic resonance spcclia of /irconnim IctraDiioi ide 
monoh)drate at room temperature Proton resonance lines obtained on samples 
- - (1) from direct synthesis (dried at 80 C) 

(2) same as ( I ) but heated at 200 C 
(t) by dehydrating the tnhydiale at 1 10 C 

characteristic of a two-spin line encountered thus far in so many hydrates Our 
measurements at liquid-air temperature, though not sufhciently accurate for quantita- 
tive interpretation, do conhrm a two-spin line-shape, identical to the one represented 
by line 3 in F'lg 3 In addition, the second moment values arc characteristic of a pan 
of protons in a water molecule It is theiefore certain that in this case the water mole- 
cule implied by the formula ZrFjH^O is indeed contained as such in the crystal lattice 
of the monohydrate of ^lrconlum tetrafiuondc 

Formulations B and C, apart from their unlikeliness from a purely chemical point 
of view, have to be rejected also because in such a case, the proton resonance should 
be a single narrow line, certainly much narrower than the observed one for two protons 
of a water molecule 

The same reasoning applies to the trihydrate, with one dilTerencc regarding formu- 
lations B and C For these, the proton resonance line should be composed, to the 
first approximation, of a broad component due to protons of water molecules and a 
narrow one from the more or less isolated protons in either HF (B) or “oxotetra- 
fluorozircomc acid” (C) respectively The ratio of the integrated intensities of the 
broad to the narrow line should be 2 I However, the result shown in Fig 2 clearly 
indicates only the presence of water molecules Owing to a better signal to noise ratio 
in this case one can distinguish the characteristic details of a two-spin line, i e the 
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shoulders at the “wings” and the central part Thus, there is clear-cut evidence from 
proton resonance spectra, that hydrogen in both these crystallinccompounds is present 
only bound in water molecules 

One interesting point is the presence of some 20 per cent excess water in mono- 
hydrate samples obtained by direct synthesis It should be noted that it was present 
irrespective of the method of preparation, and that X-ray diagrams were always identi- 
cal and characteristic of the monohydrate phase The proton resonance spectra showed 
minor differences in intensities of the narrow component at room temperature No 
simple drying up to ISO'C caused any diminution of the central peak However, at 
higher drying temperatures this peak became smaller, but part was still present even 
at 200'’C (sec Fig 3) 

The monohydrate obtained by dehydration at 1 10"C from the tnhydrate had no 
cential narrow peak All this evidence together with the dehydration experiments of 
D'IrVF £'/ <7/ suggest that surplus water in the monohydrate is not physically adsorbed 
m the usual sense As far as proton resonance results go. this water is reorienting 
t]uickly, and yet it is quite tightly bound within thecrystal lattice Only by thecomplete 
change of the tnhydrate crystal structure into that of the monohydrate, or by extreme 
drying of the monohydrate, can it be avoided The latter procedure is risky, because 
KoLDif/ and report that decomposition sets in at 230 C and H 2 O evolution 

IS accompanied by HF Thus, in order to avoid incorporation of surplus water during 
synthesis, new methods of obtaining a stoichiomctrically well-defined monohydrate 
of /iiconium tetrafluonde are desiiable 

Various compounds in the present series are of importance for studying the 
F H— O hydrogen bond Data on this kind of hydrogen bond are scanty, and no 

correlation between infra-red frequency shifts and bond dimensions is as yet possible 
There is also great need for crystal structure information In view of this a full inler- 
pieiation of the present results must await till at least something about the crystal 
siiuctures of the compounds is known 

Watfrs*^' mentions that difficulty in single crystal growing prevent any X-ray 
ciystal analysis of the monohydrate, but that some preliminary results in this .espect 
have been obtained with the tnhydrate While one is compelled to reject his suggestion 
about the formulation ZrOF, 2HF for the monohydrate in the light of the present 
results, we shall try to see here how they correlate with his proposal for the crystal 
sliucture of the tnhydrate 

In this, dimers of trigonal dodecahedra (ZrO,h 4 ), are held together by hydrogen 
bonds forming "sheets separated by approximately 4 A and held together by van 
dci Waal's forces” These dimeis are stated to have similar eight-fold co-oidination 
around Zr atoms as in the crystal structure of K^ZrFg If this is true, then the 
picsent results would require the six oxygen atoms of a dimer to be actually water 
molecules taking part in the eight-fold co-ordination around zirconium The remain- 
ing eight fluorine atoms may be visualized at corners of two distorted tetrahedra. each 
aiound one zirconium atom One would certainly expect more distortion w ithin such 
a dimeric configuration than within the corresponding section of the structure in 
vlcrence (7) On the other hand, lacking more definite information about the present 
' ase, we made a model of such a dimci with deliberate simplification in that all Zr-F, 

It Bom and G TtUFER, /<c/a O ro 9,929(1956) 
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and for that matter all Zr OHj links arc the same The value chosen was 2 64 A. the 
average value from reference (7) The vvatei molecules weic supposed to be at the 
“free” corneis left behind if the bridging in Wmirs’ dimer is accepted to be through 
two lluonne atoms (\Vc take this with some reservation owing to the fact that one 
docs not expect to distinguish bj \-rays between oxygen and fluorine atoms easily ) 
After this is done, we aie still left with the ciiicstion of possible orientation of water 
molecules in lespect to the test ol the structuic We made calculations of the Van 
VIcck's second moment sum (of fluorine resonance) foi two extreme possibilities, and 
the results did not diflci gieatly wc obtain 4 4.1 G- for one and 4 04 for another 
orientation of tiie water molecules In both cases the fluorine contribution to this 
“intramolecular' second moment is. of course, the same 2 82 G“ The experimental 
second moment of the fluoimc line for the trihycirale at room temperature is 10 9 | 

0 9 G“ Theiefoie, theie is about 6 7 G- to be accounted for by the contiibution of 
the magnetic nuclei m neighbouiing dimers, if the assumed interatomic distances in 
this structure aie basically correct 

That this IS roughly so is supported by the “intermoleculai” part of the second 
moment estimated from proton magnetic lesonance Its second moment for the tri- 
hydrate at room temperature is 28 4 ■ I 8 G- Some hbrational freedom of water 
molecules at this temperature should be expected, so that an appaient interproton 
distance of 1 60 A is reasonable This icquires about 22 G" for the intramolecular 
part of the proton resonance second moment On subtracting from the experimental 
value, one obtains about 6 4 G^ tor the intermoleculai contiibution The latter value 
is in agreement with the one required from the preceding discussion of the fluorine 
resonance data It is permissible to make such a crude compaiison of the two values 
because of similaiity in magnetic moments of the hydrogen and fluorine nucleus The 
good appaient agreement is anyway fortuitous owing to the canceling effect of the 
number of “intermolecular” terms, and the corresponding summation constants for 
the two cases 

A similar treatment of the monohydrate data is practically impossible There is 
a definite change in crystal structure when the trihydiate (triclinic) is transformed into 
the monohydrate (tetragonal), and yet no drastic change in fluoimc resonance spectra 
appears In such a dehydration two of the three water molecules are removed quite 
easily A difference in binding between these and the last molecule of water (left in the 
monohydratc) as required by the present observations should also reflect itself in the 
distortion of the proposed'-” trigonal dodecahedra of the trihydrate crystal structuic 
In view of the preliminary results at low temperature the monohydratc structure seems 
to be more at rest than the trihydrate one Whether this is due to the difference in the 
motion of water molecules, or fluorine atoms, or all of them, remains to be seen 
Whatever the cause, it does seem that the co-ordinating species around the zirconium 
atom in the monohydrate phase are more tightly bound, but it is diflicult to predict 
with any certainty what type of co-ordination is in the monohydratc 

Acknowledgement — The authors are indebted to Prolcssor D GRurNir for suggesting this line ol 
research and his continuous interest Thanks are due to Mr J Tuia for substantial help in preparing 
and analyzing the samples We had useful discussions with Dr M RANmc and Dr (Mrs)C 
Djordjevk^ 
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PREPARATION AND PROPERTIES OF SOME URANIUM 
SELENIDES AND TELLURIDES 

L K Matson, J W Moody, R C Himis 
B. itlelle Mctnorial Inslilutc, Columbus, Ohio 

[Received 20 Octuhei 1962, in levisccl foini \0Juinicir\ 1961) 

Abstract — Selenides and telluridcs of uranium have been prepared by solid vapour reaction and 
dcnsihed by melting Melting points were estimated and some structures were determined by X-ray 
analysis t-lcetneal resistivities. Hall cocfl'ieients and thermoelectric powers of specimens of com- 
pounds were measured The electrical properties indicate generally, that these compounds are 
scmimelallic conductois 

Risi ARC II on tlic uranium selenides and tellurides was undertaken with the objective 
of developing a systematic body of knowledge on the preparation and properties of 
these compounds Seven compounds within the twea systems have been described in 
the literature, however, most of this past work was concerned with structural studies 
and few chemical- or physical-property data are given Accordingly, an eypcrimental 
programme was initiated to develop suitable laboratory-preparation techniques for the 
compounds and to determine certain of their basic properties Particular emphasis 
was directed toward assay of piopertics of importance in electronics 

The existence of USc, UaSe^, USc^ and a selenide with a higher Se content than 
IJSCj has been reported m the uranium selenium system Uranium diselenide seems 
to occur m two modifications, while USe was reported to have a NaCl structure 
Four compounds within the uranium tellurium system have been described UTe 
IS reported to have NaCI-type structure while U,Te, is isotypic with Th,P4, UTe> is 
tetragonal Uranium scsquitclluiidc has also been reported 

METHOD OF PRt PARA I ION 

flic uranium compounds were prep,ircd by reaction of chalcogen vapour wiih lurnings of uranium 
metal at elevated temperatures The tellurium employed was C P grade (about 99 99 per cent pure) 
slick lelluiium obtained from the I ischer Scientific Co the selenium was the American Smelling 
ind Refining Company s rectifier-grade selenium shot of about 99 999 per cent purity The uranium 
used had only 0 01 per eent spcctrographically detectable impurities 

The reactants in selected stoichciomctric proportions were contained in a simple evacuated 
Vycorcapsule (designed as illustrated in Fig 1) Oxides were removed from the surfaces of iheuramum 
lurnings by washing in dilute nitric acid and rinsing with distilled water and then acetone immcdiaitlv 
before they were loaded in the capsule An indentation in the bottom of the reaction lube served to 
prevent direct contact of the elements in the condensed stale (and a possible violent re,\ction) and 
issurcd a smoothly-proceeding solid vapour rc.tction 

The reactions were carried out in a resistance-wound tube furnace The temperature of the furnace 
was incre.ised gradually until the reaction appeared visually to be complete, when the tubes were 
mspected on trial withdrawal from the furnace The temperature was then raised another 100 C and 
the reactants maintained at this temperature for about 24 hr Final temperatures of .ipprovimatelv 
'do and 875 C were required for the selenides and tellurides, respectively 

A CoLANi, CR Acad Sa , Parn 137, 382 381 (1901), 4nn Chim 12, 85 (1907) 

’ FbRRo, Z Anorg Chcm 275,320-326(1954) 

A CoLANi, C R Acad Set , Parn 137, 383 (1903), Ann Chirn 12, 87 (1907) 
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In all cases, the reaction products were obtained in a granular form These products were cast 
into ingots by melting under argon in a tantalum crucible in the apparatus illustrated in Fig I 
The tantalum crucible was suspended from a Quartz hook by means of tantalum wire Power for 
the induction healing employed was supplied by a 20 kW, Lcpel r f generator 

It was possible to estimate the melting points of these compounds by noting, as the temperature 
was increased slowly, (1) the highest temperature at which solid could be observed visually and 
(2) the lowest temperature at which liquid was dehnitely observed This range of temperature which 
was measured with an optical pyrometer was relatively small in most cases and it is felt that the data 
give a reasonable estimate of the melting points of the compounds fDccomposition of the compounds 
at the melting points appeared to be negligible ) The data arc given in Table 1 along with some other 

Table 1 —Physical properties of uravium sei eniofs amd tflll'rioes 








Synthetic 

Melting 

C rysial 

Lattice 

Cjiciilaied 

density 

composition 

point ( (?) 

structure 

constant (a„) 

density (g/em'^j 

Ig/cnF) 

USc 

1850-2000 

NdC^l(B-l) 

5 71 

!1 ^ 

10 9, 






( 1 1 07 by ref ( 1 )] 

U^Scj 

1560 1590 

Weak lines* 

- 

- 

9 4, 

USCj 

1350-1380 

Weak lines, but 






different from UjSCj 


— 

9 0, 

Ufe 

1550 1650 

Th^P, (major phase) 

9 393 

8 81 




NaCI (minor phase) 

6 151 

!0 4^ 

9 6, 






(to 37 hv ref (3|] 

Uafe, 

1430-1470 

Tli,P, 

9 3980 

9 81 

9 4„ 




|9 397 by ref 12)) 



U,Te, 

1325-1355 

Th,P, 

9 3960 

9 18 

9 Oj 

UTe, 

1215-1235 

Single phase 






but complex t 

— 

— 

8 9, 


* An orthorhombic structure of SbjSj type (a 1133 /> 10 94, and c 4 06) was reported'*’ 

t A tetragonal structure (a 4006,r/a I 865) which is neither ol CaC ^ or Cu^Sb type was reported'*” 


physical properties determined in the course of this work It is interesting to note that the melting 
points of each series of compounds tend to decrease as the metalloid to metal ratio increases As 
would be expected, a given selenide melts at a higher temperature than the corresponding telluridc 
To establish conditions suitable for handling the compounds a few simple tests were made to 
determine their reactivity with common reagents and atmospheres With but few excepi'ons, the 
sclenidcs and tellurides of uranium react readily with both acids and bases With acids, hydrogen 
selenide or hydrogen telluridc is generated Howerer, UTe, does not appear to react with concen- 
Ir itcd hydrochloric acid Neither USe nor U^Se, was found to react with 3 N KOH 

txcept for UTe,, the uranium tellurtde samples disintegrated in air in a matter of days The 
uranium sclenidcs do not show this tendency (A surface reaction occurred at 300 C on USe ) 

CRYSTAL STRUCrURtS 

A limited X-ray analysts of the various compositions was undertaken as a proof of 
preparation In some c.ises, the powder diagrams could not be indexed with great 
accuracy and in one case (UTe) the preparation proved to be polyphase Thus, the 
symbolic representation used m designating the materials prepared indicates the 
Tominal composition of the material but docs not necessarily indicate that the material 
's a single-phase specimen of a compound having precisely the denoted stoichciometry 
The results of the X-ray data arc summarized in Table I The uranium mono- 
clenide (USe) preparation was found to have the B-I type (NaCI) structure as reported 
"t the literature The strifctuic of the sesqui- and disclemdc compositions could not 
'c definitely determined Howcvci. it was cstabhshed that the X-ray patterns were 
'issimilar, which indicates the piesencc ofditt'eient phases at the two stoicheiomctncs 
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The uianiiirn tclluride sample of over-all one-to-one composition was found to 
consist of a ma]or phase vsith a ThjP 4 structuie and a minor phase with a NaCl 
stiLicluie A rhjPj structure was found for both UjTe^ and UjTcg It will be noticed 
I hat the lattice constant of U,7e4 was latger than that for the 7 h,P 4 -structured phases 
of eithei the one-to-one composition or the two-to-three composition Thus, it appears 
that vacancies occurring m either the cation or anion sublattice of the Th 3 P 4 structure 
of these laltei phases le.ul to a decrease in the lattice cemstant 

LIraniiim dilelliiride was found to be single phase but it was not possible to index 
the complex X-iay patlci n obtained foi this composition The USc ingot proved to be 
a laigc single ciystal as cast 

Densities of all the pieparations weie determined by comparing their weights in air 
and in caibon tetrachloride These measured densities are given in Table I where they 
may be compared with theoretical densities of the compounds as calculated (when 
possible) fiom their unit-cell dimensions It will be noted that the measured density of 
the LI7e composition is intei mediate between that calculated for the two structures 
found even though the fhjPj structuie was the dominant phase found by X-ray 
analysis 

tLbC'TRlCAL HROPhRTfhS 

The samples prepared here were not subject to extensive purification or crystal- 
li/alion procedures <md, thus, they were not in that condition of refinement and 
crystalline perfection generally desirable foi studies of the electrical properties of 
materials Even so, it was felt that a study of the electrical properties of these prepara- 
tions might yield impoi tant information on the bonding in the compounds and provide 
guidance for future studies Samples for electrical measurement were taken from the 
densified ingots These samples were fashioned into small parallelepipeds onto which 
electrical leads were soldered with indium metal Electrical resistivity, Hall coefllcient, 
and thermoelectric power were measured at various temperatures (Unfortunately, 
the telluridcs disintegiated before their thermoelectric powers could be determined ) 
Representative data, obtained at lOom temperature and liquid nitrogen temperature, 
are given in Table 2 All the compounds studied had rather high charge-carrier 
concentrations as evidenced by the low Hall coefficients Carrier concentrations. 

Table 2 --Eiectricai propi rhis oi soml uranium sflfnidfs and tellurides 


Synthetic 

composition 

Temperature 
( K.) 

Resistivity 

(ohm-cm) 

Hall coefficient 
(cm’/coulomb) 

Thermoelectric 

power 

(+-v/“K.) 

USe 

300 

2 8 ^ 10 * 

+ 0 008 

1 38 


80 

1 2 X 10 < 

+ 0 12 

1 21 

1^2863 

300 

2 3 ^ 10 =• 

-0 009 

2 

USe2 

300 

3 34 10 = 

+ 001 

+ 21 


80 

5 7 X 10 ■ 



UTe 

300 

1 3 X 10 ’ 




80 

12 ^ 10 * 

+ 0 2 


UjTe, 

300 

5 5 X 10 ’ 

+0 02 



80 

7 0 < 10 » 

+0 31 


UTe, 

300 

1 2 X 10 “ 




80 

1 0 X 10 * 

-0 34 



I 
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calculated from the Hall coefficients, ranged from about 2 ^ 10’® to about 10®’ 
carriers/cm'’ The very low values of the Hall coeflRcient preclude ascribing much 
precision to the values quoted, however, it is felt by the authors that the relative 
magnitudes are correct and meaningful The signs of the Hall coellicient and thermo- 
electric power (where measured) were positive for all samples except tJ_>Se, and UTcj 
Electrons appeared to be the dominant charge carriers m U 2 Se., and UTe^ The high 
carrier concentrations found immediately suggest that these compounds are semi- 
metalhc conductors 

The electrical properties of the single crystal of USe are of particul.ir interest At 
room temperature, the thermoelectric evaluation factor (ZK, equal to thermoelectric 
power squared divided by the resistivity) IS 5 6 ' 10 ® watt per cm-deg This is higher 
than for the other compounds studied and may be compared with an evaluation factor 
of about 3 ^ 10 ^ for /i-typc Bi^TCj at room-temperature At high temperatures, the 
thermoelectric piupcrties of USe may compare even more favourably with the best 
known thermoelectric materials The mobility of the charge carriers, as calculated 
(rom the product of the Hall coctficient and conductivity, is encouragingly high for 
such an unrehned material Because of this, the electrical properties of USe were 
investigated in greater detail In Fig 2 arc shown the Hall coefficient, resistivity and 
thermoelectric power as functions of reciprocal temperature 1 he general character of 
the curves shown have been confirmed by measurements on other specimens It will be 
noted that the thermoelectric power is increasing in a region where the Hall coefficient 
IS decreasing The behaviour of the electrical properties of the sample over the tem- 
perature range of the measurements is consistent with seinimctallic conduction and the 
notion of overlapping bands At higher temperatures, the resistivity of the sample 
increased to a second maximum Such behaviour is suggcstiveofsomephasetransition 
but much more data would be necessary to resolve this question 

It was of interest to determine the effects of stoicheiometne deviations on the 
electrical propeities of USe Two additional samples were prepared from nominal 
compositions containing one atomic per cent excess uranium and one atomic per cent 
excess selenium, respectively These changes had no significant clTect on the e'ectncal 
properties of the compound It is interesting to note, however, that electrons, rather 
than holes, were the dominant carriers in the U.Seg sample 

The dominant charge carriers in USe arc holes, as evidenced by the positive Hall 
coefficients and thermoelectric powers of the samples One may speculate that, if the 
bonding in the compound were predominantly ionic, then ii-type (electron) conduction 
might be expected, since uranium has more valence electrons than are needed formally, 
to satisfy the Se®~ ion Thus, it appears that any suitable model of the conduction 
processes in USe must attribute importance to covalent bonds 

Since the arrangement of atoms in the rock-salt structure involves octahedral 
coordination, the covalent bonds of selenium might be expected to be of the 
hybrid type involving the 5y-orbital, since the 4j-orbital is at so much lower energy 
Such hybridization is found in [SeBr^J® *■” The covalent bonds of uranium would 
probably be of the/®d®s type (as, for example in the compound UClg), since the alter- 
nate structure, (Psp^, requires promotion of three pairs of electrons from the 5/to the 
Ip shell 

L Paulino, The Nature of the Chemical Bond 184-185, Cornell University Press (1948) 

""J C Eisenstein, ,/ Chem Phys 25,143-146(1956) 
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^ V u Vk .7* ‘7' !< ’ /At' A* '//(////f '» »/rW / ./t/r Vf/tv;////;; u , , , , 

• I r,': r i-.Va'i'/!' h.'tdina.ii) incrlpjinn ihc 4s-orhiul hichc ckxtioiu 
,.,,!cd to nil tin- "1^ iKLihcdr.i! honJ'> to one .Horn in i Se. jnd the proposal 
asu 10 I isks tw o ek\ lions thus it hv/zj-. re.ison.ihle to In-pothesi/c that the /, 

. onJu^ to in oh'-ci i eJ tot ( Se is due to uin.it/shed bonds J hut the bonds urc stroneh 
c ( M dlenl w. IS. I Iso com hided h t A ttoPAiHO '"'on the A/s/v of o \idjtion studie<i off -Se 
i \Sc\ .ind i'Sci i\i!h Hg' ions On the busts of these considerations, one might 
postulate that PuSe w ould be a scmieonductor should it exist in the rods salt structure 
Plutonium has tvso moie electrons than does uranium which could be contributed to 
the bonding system 

icSiHnlol-nmciil The authors wish to thank the bslcnium and Tellurium DsNsIsrpment Committee 
whose sponsorship m ids this work possible and Dr D A Vaik.hn who pertormed the X-ray 
analyses Hciplul dissussions with Messrs .1 h MiLLiRandR 1 Bsri aic also acknowledged 

P KnonADM), C R Acad Sr /, Funs 253, 1 575-1 577 ( 1961) 
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SOME ADDUCTS OF PHOSPHINES AND AMINES 

WITH BORANE 

P A CnoPARD and R F. Hluson 
Cyanamid Curupcan Research liistuatc, 91 route de la Capite 
Coloy^ny Geneva, Switzerland 

{Received Ocloher 1962, in n-i imJ / oi in ib Jaiiiwi \ 1961) 

Abstraet— Toluene is readily liberated from Iribcn/yl methyl and inphcnyl benzyl phosphonmm 
borohydrides, which were found to be very resistant to further pyrolysis In contrast, the adduct of 
inbcnzylamme and borane dissociates before dccoinposilion N-Dibenzyl bora/ane gave the 
monoment borazenc at 150 , whereas N- benzyl bora/ane gave the anticipated trimcric borazine 

The adducts which are readily formed from diborane and amines or phosphines may 
in some cases be prepared"' by the action of lithium borohydride on the corresponding 
amine or phosphine hydrochloride, e g 

RiRjRjNH I BH4 ► R,R.^RiN ► BH, - M, 

Recently Heal'®’ has shown that P-tetraphenyl borohydride decomposes at 200 m 
ladio to give benzene and triphcnylborophanc in 50 per cent yield 

Ph,P'BH4 ^Ph,P-vBHa i QH„ 

and similar reactions have been observed with certain ammonium and sulphonium 
derivatives 

We find that quaternary phosphonium borohydrides containing one or more benzyl 
groups decompose readily, owing to stabilization of the benzyl group by conjugation 
Thus triphenyl benzyl phosphonium borohydride loses toluene almost quantitatively 
in boiling chlorofoim, and a similar reaction also occurs when tribcnzyl methyl 
phosphonium bromide is boiled with sodium borohydride in digiyme 

BzPIgBHi -^PhjP^BH, Ph Me 

BzjPMcBH, B/.PMe ► BH, Ph Me 

The addition compounds formed from diboiane and primary or secondary amines 
normally decompose with the liberation of hydrogen Thus primary amines usually 
give the borazincs*® directly because of the high conpigation energy of the cvclic 
(j W SrHAFFFFR. and t R Andfrson, J ■iimr Cliem Sue 71, 2145 (1949) H Nom and 
H BtYFR, Ber , 93, 928 (1960) 

H G HFAl.y /luirs; Niul Oum 16,208(1961) 

"’ll G IllAL.y Inorg Niul Cliem 12, 255 (1960) 

M F Lappfrf. Kei 56, 959(1956), J C Sun noN and B C Smiiii Qnoi r R< ; 14.200 

(1960) 

' 'W V HouciH, G W ScHAFFFtR, M LJzurus and A C Stfwarf J 4iiki Clieiii Soc 77, 
864 (1955) 

‘“'G W ScHAFFFFR. R S< FI AFFH R and H I SriiiEsiNf.i R y 4/1101 C/iein SiH 73.1612(1951), 
H J BccHtRandS Frick Z /i/ioii; Cht/n 295, 81 (1958) 

E WiBERC, and K HERrwi(.,Z Amng Chcm 255, 141 (1947) 
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system, and v\e have obtained tiimcriL N-ben/yl boia/inc directly from bcnzylaniinc 
and diboiane (seep 804) 

3 Bz NHj y(B/NBH), , 6H, 

Phosphines ho\\e\ei give boioplienes,''* because of the iclativciy weak multiple 
bonding 111 phosphoius compounds 

RPH, -BH, MRPH BH^)„ f H, 

Secondaiv amines''’ and phosphines''^’ similarly give eyelie or polymeric derivatives, 

V iz , 

Me.NH ► BH, --■>(IVIe^N BH,), 

R.PII ►BH,-- ^>(R,P Bll,)„ 

In view of the lability of the benzvl gioupin the phosphonium boiohydrides described 
above we have investigated the pyrolysis ol some benzyl substituted boianes 

N’-Hiben/\l boia/ane decomposed at 150/10 12 mm to give the corresponding 
monomelic N-dibenzyl boiazene but no toluene 

Bz.NH V BH, Bz.N BH, ) H, 

The stability of t he moiiomei ic foi m in this case is atti ibutcd to stei ic hindrance of the 
benzyl groups which prevents fuither association This borene, unlike the known 
dimeric forms," reacts violently with hydroxyhe solvents, and even with acetone, but 
pyiolysis of this piodiict did not give the borazinc A small quantity of toluene 
(coi responding to ca 20 pei cent of one equivalent) was howcvei obtained at high 
temperatu res 

Tribenzyl borazane dissociated on heating to 100 -I 50 without giving the corre- 
sponding borazene 

Bz,N BHj-^ Bz,N j tBTf,, 

In contrast, P-dibenzyl methyl borophanc was found to be extremely stable thermally, 
and was recovered unchanged after heating to 200' foi long periods, even in the pres- 
ence of an excess of lithium aluminium hydride Hi-wni and Hoi i iday''" have 
however detected a small quantity of methane, in addition to the dissociation products, 
on the pyrolysis of Me, P > BH, 

These results show that a hydrogen atom of the quaternary group is necessary foi 
the further decomposition of the borazanes to borazenes and borazines This suggests 
that the decomposition proceeds by the reaction of an incipient proton, at the BH, 
group, as follows, 

RjNH - ^BHj [R,N-BH,]-H’ > IT.N BH, 1 H^ 

rather than by the nucleophilic attack of an incipient hydride ion on a hydrogen atom 
or alkyl group of the quaternary atom, 

R.NH BH, - /--R^NH BH^ • H^ 

If this were the case, the benzyl borazenes mentioned above would decompose further 

R I Wagner and F F Caserio, 2 /aorg Nucl Cheni 11,259(1959) 

'"’A B Bvrg, Antfew Chem 72,183 (1960) 

F HEWirrandA K Holiioay,/ Chem Soc 530(1953) 
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\1oicover the first mechanism is supported by the decomposition of the tnmethyl- 
Iniianc adducts^'"' as follows, 

HjN ►BMc,, -CH4 ' H.,N BMc.^ (HNBMe)^ 

PhNH, BMca >■ CH4 ' BhNH BMe^ < (PhN BMe)j 

which arc difficult to explain in terms of the second mechanism 

The incipient hydride ion may however displace a highly labile group from the 
cjiiaternary phosphonium centre Thus triphcnoxy borophane readily gave one 
equivalent of phenol and a polymeric phosphorus compound Since we have 
shown*"* that the displacement of phenol from quasi-phosphonium salts is extremely 
facile, the following mechanism may be proposed 

(PhO),P BH, (PhO)j P BH, H 

11 ■ .H 

(PhO)_,P BHj I PhOH. (PhO).,P PhO 

BH, 

According to this mechanism, nucleophilic displacement on phosphorus by an incipi- 
ent hydride ion of a phenoxido ion, is followed by the removal of the hydrogen atom 
of the phosphonium intermediate in the form of a proton by the basic phenoxide ion 

LXPERIM bNTAL 

Rcaition of sodium hoiolndtule ssilli ntpliein/ hcnz\lphosphoiuiini bionudi * 

A solution ol 0 8 g (0 021 mole) ot sodium borohydnde in 60 nil ol dry diglyme was added lo 7 g c)f 
Ihe phosphonium salt (0 016 mole) in 2CX> ml of dry chlorolorm The precipilated sodium bromide 
was tillered off, after 10-15 mm The chloroform was then boiled olT under reduced piessure lo give a 
colourless crystalline product (2 7 g 45pcrcent) m p 2')5-300 (Found C 799, H, 7 19 P 7 86 
Calc forCjJt.iiBP C,8I 5, H, 7 26 P, 8 42 (Tcrcent) The infra-red spetlrurn showed a chaiacter- 
isde B-ll peak at 2220 cm ' 

The remaining diglyme-chloroform solution was heated to 50-60 for 2 hr under reduced pressure 
and (hen diluted with about three volumes of water to precipitale 1 2 g (27 per cent) of while crvstals, 
mp 170-180 (Found C,77 8. H, 6 89 P, 110 Calc lorC,Jl„"BP C,78 2, H, 6 82 P 112 
percent) The B- It peak (infra-red) was observed at 2380 em ' This product was identical with the 
authentic sample ot triphenyl borophane prepared from tnphcnylphosphine and diboranc m p 
180-182 

In a I urther experiment, about 30 percent of one equivalent ol lolucne was detected by v p c in the 
diglyme-chloroform solution The boiophane was also obtained in comparable yields when the 
above borohydnde was heated at 1 30-140 /O l-O 2 mm, or when it was boiled under reflux overnight 
in a mixture of chloroform and hexane 

Read ion of sodium boi ohydnde with li ihenzyl methyl phosphonium biomide"'' 

Ten grammes of tnben£yl methyl phosphonium bromide (0 025 mole) were boiled overnight in 
diglyme with 2 g of sodium borohydnde (0 053 mole) After filtration of the NaBr over Celnc ’, the 
filtrate was treated with water to give 5 6g of white needles m p 132 (Irom ethanol) (Found C 74 7, 
H,8I5, P,134Calc C, 5 Hj„BP, C,742, H, 8 30, P, 12 8 per cent) Mol Wt 224 (Calc 242) 

When P-dibenzylmethyl borophane was heated for 2 hr at 200 under redueed prcssuie ( 1 5 mm) 
no visible decomposition took place, and the m p was unaltered However, the recovered material 

* Prepared from tnphcnylphosphine and benzyl bromide in benzene 

E WiBERO, K Hlriwio and A Bocz, Z 4twr!; Chein 256, 177 (1948) 257, 138 (1948). 

H J BfccHLR, /A k/ 289,262 (1957) 

R F Hudson and P A Chopard, / fc/c Chini 45, 1 137 ( 1962) 

W J BAiihvandS A Buckler, y Attu-i Chem Soc 79, 3567 (1957) 
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had a stiong phosphinc-likc odour, indiuating slight thermal dissociation When the product wa, 
healed overnight to 180-200 in Iriitljmc vsith ten equivalents of lithium aluminium hydride, most of 
the starting maierial was resovered after treatment with water 

Rcac non oj Jihoi am » it/i i/iht n~ i lainiiie 

XJiborane geneialed tiom 8 4g ol NaBH, (0 22 mevlc) in KV) ml of diglyme, and 64 3 g o| 
Uf j Ll,() (0 44 mole) in 100 ml of digl>me, was bubbled at room temperatuie into a solution ol 30 g 
of diben/ylamine (0 I 5 mole) in 100 ml diglyme, over a period of 1 hr The solution was then 
cvjpoialed imdei le lue.d pressure below 100 and 24 g ol white crystals were eo'leeled m p 94-95" 
(Found C,79 9, II 8 04, N,642 Calc lorC,,H,„BN C, 79 7, H,853, N 6 64 per cent) The 
iiiliared spectrum showed one peak at 1200em ' (N H) and three peaks at 2280, 2300 and 2390 cm ' 
(B H region) 

The above pioeluet (“iO g) was healed under mtretgen at reduced pressure Gas evolution started 
at 100 / 1 5 mm and was V loleiit at 150 A colourless substance (25 g) w hieh solidified in the receiver, 
distilled .11 110-1)2 0 05 mm, mp 96 97 (trom monoglyme) (Found C, 78 56, 79 3, H, 7 76, 
N 6 2) 6 24 Calc foiC,,lli,BN C 80 0 H, 7 65 N, 6 67 per cent) Mol Wt 250 (Calc 209) 

The infia-red spectrum had no peak in the N H region, and two peaks between 2400 and 2500 
cm ' I he product reacted vRslently with ethanol, giving bcnzylamine (identified by means of its 
hydioehlonde) U reacted also with acetone but the product was not identified Trimene or dimene 
bora/cncs have been lepoiied lo be men under these conditions 

On lurlhcr cl tst dial ion, 6 g of a viscous liquid, b p 180-182 /O 2 mm, were collected The products 
of two dilleienl runs gave the Icsllow mg analyses (Found C, 82 37, 79 45, H 7 31, 7 58, N, 5 53, 

6 56 per tent Mol Wt 222,235) The inira-red spectrum showed vine peak at 2450cm ‘ This product 
was not mvcsligaled lurthci The undislillable residue, approximately 15 g was dissolved in warm 
monoglyme (40-50 ml) 1 he cold solution deposited a while waxy solid, soluble in alcohol, combus- 
tible in air but which when lie.Ucd to redness m the absence of air did not melt. but slowly darkened to 
give hnally a hard black powder (probably boron nitride) Reproducible analyses of the while solid 
could not be obtained by conventional methods, although the molecular weight of 460, measured 
isopiestieally, was reproducible The infra-red spectrum showed no B H peak, but gave a weak 
absorption at 3300em ' Fheic was also an intense absorption in the 1300 I4()0ein 'iegion(B N),<") 
and the peaks eharaelensiie ol aromatic monosubsiiiution of bcnzylaminc were still present in the 
700-800em 'region ('aleulaled boronconteni for B/BNICjH-BN) is 9 5 percent (observed B 9 12 
per cent) (When McjNBUj was pyrolysed (MejN) 2 BH and Mc,N B^Hj were obtained" " ) 

In another experiment, the bora/ene (22 5 g) was heated lo 300" at almospheiic pressure lor 1 5 hr 
1 wo gr.immcs of toluene (about 20 per cent of one equivalent) were collected 

Reaction of diboi ane with hcnz\lamine 

Hiborane, Irom NaBH, (0 8 mole) and BFj I t^O (I 6 mole), was bubbled into a solution of 
bcnzylaminc (57 5 g, 0 5 mole) in diglyme (200 ml) The solvent was evaporated under reduced 
pressure at 60-70 to give 55 g of a white deliquescent solid mp 45-50' Part of this material was 
heated lo 280’ and then distilled at 180 182 70 005 mm without further decomposition (Found 
C,710 H,6 90 N,1I6 Calc for Cj.H.iBjNj. C, 72 0, H. 6 75, N, 12 0 per cent) Mol Wt -330 
Calc for(BzN-BH )3 350 The infra-red spectrum showed no N-H peak, but a peak at 2480 cm ', 
and stresng absorption in the 1400 cm ' region There was also a band at 725 cm ' (this region is 
considered to be characteristic of the borazene ring,""’ but in the present case, its origin is doubtful 
since the C-H evut of plane vibration of the bcnzylaminc ring absorbs in the same region) 

Reaction of dihoranc with tnhen:\lamine 

Tnbtnzylamine (30 g, I 05 mole) vvas treated with an excess of diboranc in diglyme as previously 
described Twenty-four grammes (75 per cent) of the expected adduct, which was insoluble in most 
common solvents, were collected (Found C, 83 5, H, 8 20, N,4 26 Calc forCijHajBN C, 83 7 , 

H C Brown and B C Subba Rao, T Ainer Chem Soc 81, 6428 (1959) 

041 D W AuBRfY, M F Lappcri and H Pys/ora, X Chem Soc 5239 (1960) 

<'"A B Buro and C L Randolpu, 7 Amer Chem Soc 73, 953 (1951) 

06) D W Aubriy, M F Lapperi and H Pyszora, / Chem Soc , 1931 (1961) 
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I -j 97 N, 4 65 per cent) This adduct dissociated completely at ta 240 in a sealed tube When it 
IS boiled overnight in diglyme (160 ), tribcni'ylaminc only was left in the solution In a test tube, 

I ^ idduet dissociated into its components at 100 , and the liberated borane ignited explosisely 

KuiUion a/ borane with Inplienyl phosphite 

[ leshly distilled triphcnyl phosphite (62 g, 0 2 mole) b p 140-142 /O 01 mm, in monoglyme (200 
ml) was treated with diborane prepared from NaBH, (0 3 mole) and Bbj I tjf) (0 6 mole) After 
removal of the solvent under reduced pressure, 49 g of white crystals of P-tnphenoxy borophane were 
collected, yield 75 per cent m p 46-48' (Irom petroleum ether) (hound C, 66 0, H,5 49, P, 9 31 
Calc forCi.HiHBPOj C,66 7, H,5 56, P, 9 56 per cent) The infra-red spectrum showed a strong 
peak at 2400 cm 1 

This solid (6 6 g) was heated to 130-140 in inglyme (20 ml) to give an amorphous solid which 
precipitated from the solution The mixture was boiled for 4 hr, and the hltrate found to contain 80 
percent of one equivalent of phenol, by comparing the infra-red spectrum with those of solutions of 
phenol of known concentration 

Acknowledgement We thank Or J PtLLON of the Central Research Division, American Cyanamid, 
Slamlord, Connecticut for making the isopicstie molecular weight dclerminalions Mr G Salvaoori 
for technical assistance, and Dr M Grffn for valuable discussions 
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metal ion complexes of 2-lMlDAZOLlDlNONE 

(ETHYLENE UREA) 

R J BlRNi,* R R B(NiRiTO,tW M AvRistandH B Jonassln§ 
{Received 1 October 1962, iti revised form 16 Noiember 1962) 


Abstract — Complexes of ethylene urea (2-imidd/olidinone), with the metal ions Zn(II), Cd(II), Cutll), 
1 c(III), and Co(II), have been prepared Infra-red spectra and differential thermograms of ethylene 
urea and all five complexes have been analysed X-ray powder difiraclion data, reflectance spectra 
and magnetic susceptibilities have been obtained 


N-mithyloi compounds have become important m impaiting crease resistant 
properties to eotton and other textiles Ethylene urea (abbreviated EU) is the slatting 
material in the syntheses of the most widely used of these N-methylol compounds, 
dimcthylolcthylene urea (abbreviated DMEU) 


HN— NH 


HOH ,C- 


-J- 


H,C 


H.C- 


EU 


DMEU 


-N— CHpH 
-CH, 


Recent studies by Ziin i et a! on the mechanism of the eatalysis of the DMEU- 
cellulose reaction have indicated complex compound formation between the metal ion 
catalyst and DMEU Since complexes of substituted ureas have not been investigated 
extensively, it became of interest to verify the existence and to study properties of 
these and related metal ion complexes using ethylene urea as the ligand 

Ethylene urea is a neutral, colourless and odourless solid which melts at I3U 
The compound was first prepared in ISSh'”*' and recent patents and publications'*-^’ 
have dcsciibed commercial preparation in high yields Physical properties have been 
determined previously 

EXPtRIMENTAL 

Put ijication of ethylene uiea 

Commercial EU of 95 per cent purity was obtained from Metro-AtUntic, Inc , Centredale, Rhode 
Mand It was distilled and rccrystallized from ethanol or chloroform mp 130 131“ (Found 
N, 32 23 Cak for CjHeN.O N, 32 54) 

* Department of Chemistry, Tulane University, New- Orleans, La Abstracted in part from the 
MS Thesis of Ralph J Berm, Tulane University, 1961 Presented before the Division of 
Inorganic Chemistry at the 1962 Southwest Regional Meeting of the American Chemical Society, 
Dallas, Texas, December 6^8, 1962 

t United States Department of Agriculture, Southern Regional Research Laboratory, New 
Orleans, La 

t Chemistry Division, U S Naval Ordnance Test Station, China Lake, California 
§ Department of Chemistry, Tulane University, New Orleans, La 
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Pnpuiaiion <»/ anh\iiioii\ 'lalts uiiJ F U tomplexes 

(a) Anhydious CiiClj CoCI_ ind I eCl, were prepared from the hydrated salts obtained from 
Bakei Chcmieal Company by retlusing in thionyl ehloride and then distilling under pressure in a 
lutiogen atmosphciL ' ' Anhydrous Cd('K and ZnCtj were leagenl giade and were used as obtained 

Saturated solutions of L U m abserlutc ethanol were filtered and mixed with filtered, saturated, 
ethmolie solutions of the anhydrous metal ehUirides The following conditions were necessary for 
the preeipitation of the eomplexe's the eadmium eomplex precipitated overnight at room temperature , 
the /me and copper complexes oe el night at 4 the eobalt eomplex altei 2 1 days at 10 , and the 
lion complex foimed overnight at 10 

(b) ! lliytiiii iiKii iculiiuiini (Jl) thhtneU (2C ,1 l,iN;0 CdCI .) White eryslallme powder, mp 
262 265 (loimd Cd 1102 tl 19 15 N. 15 64 C,20 38, H, 139 Calc for CdCh 
Cd 1161, Cl 19 95, N 15 76, C , 20 27 H 140",,) 

fe) Lilnhin iiK'ii zuH (II) (Idoiidc ( 2C,M„N_0 ZnCl.) Colourless crystals, mp 188 189^ 
(round Zn, 20 86 Cl 22 60 N 1801, C, 2150 H. 1 81 Calc lor C„H,,NiO, ZnCI, Zn,2119, 
Cl 22 99 N, 18 17 C,2116 H 192“,.) 

(d) ri/i\li‘iie iina uippci (H) diloi iile (2C jH^N^O CiiCK) Light green crystals, m p 144-145’ 
with decomposition (Lound Cu 20 11 N, 18 17 C,2400, H,402 Calc for Ci.M.zNiOj CuC 1^ 
Cu 20 72, N, 18 27 C, 21 50, H,3 94'“..) 

(e) I rJnhnt' men (ohiill (11) (lilmulf ( 1C,H,,NiO CoCI.) Dark blue crystals, m p 160-161’ 

(round Co, 15 0), Cl, 18 28, N 21 55 C,27 95, H,4 55 Calc for CaH,„N „03 CoC I, Co, 1518, 
Cl 18 27 N 2166, C , 27 85 H,4 67'’„) 

(() hlh\hne men non (III) chhi ide ( 2 C' 3 H,,N 30 hcCI,) Orange-brown crystals, m p 181-182 
(Found Fe 16 76, Cl 3141, N 1669, C,2I72, H. 3 68 CalcVor C„H,sN/Jj FeClj be, 1670 
Cl 1181 N, 16 76, C,2I55, H, 3 62"i) 


Inditnnenial anal} scr 

(a) Infra-red absorption spectra of F-U and itscomplexes weie obtained on a Perkin-Elmer Double 
Beam Spectrophotometer (Model 21) by the KBr disc technique Nujol mulls of the Cu(II), Cd(I)), 
and Zn(ll) complexes were also used for a few infrared spectra analyses 

(b) X-ray powderdifrracttoneurveswcrcdetcrmincdbythemethodofHuii-Dmyt-ScHrRRFR 
The instrument employed was a General L Icctrie Company Model XRD-5DF with an SPO spcctro- 
goniometer attached for direct measurement of interatomic spaemgs 

(c) Magnetic susceptibility measurements were made with a Gouy balance The apparatus con- 
sisted of a Christian Becker analytical balance equipped with an optical system for direct scale reading 
and a permanent magnetron magnet having a constant field of 4678 G 

(d) Reflectance spectra were obtained m the crystalline complexes with a Beckman DU Spectro- 
photometer having a 2580 diffuse reflectance attachment Magnesium carbonate was used as a 
reference, and the angle of reflectance was 45 

(e) Differential thermal studies were obtained by use of an apparatus similar to that described by 
Ayres and Bens Differential thermograms and gas profiles were however recorded on a Leeds and 
Northrop Speedomax GX.-Xj recorder for ease in interpretation and correlation of data Cilass bear s 
(approximately 0 1 mm in diameter) obtained from the Minnesota Mining and Manufacturing 
Company were used as sample diluent and inert reference material Oil-pumped helium, passed 
through a filter and over hot copper wool prior to entry into the system, was the inert sweeping gas 
One gramme of beads was inserted into the sample and reference cells An accurately weighed amount 
(approximately 50 mg) of sample was inserted into the sample cell and thoroughly mixed with the 
beads The apparatus was assembled, inserted into the heating block, and the gas tram connected 
Approximately 1 5 mm was allowed for the system to come to equilibrium before the run commenced 

A R Pray, Inorff Svn 5,153 (1957) 

M M Stimson and M J O’Donnell, / Amer Chern Soc 74, 1805 (1952) 

'“'A W HuLL.PIn^ Rec 10,661 (1917) 

B Debye and P Scherrlr, Z Ph]s 17.277(1916) 

E Bouorfaux, Master's Thesis, Tulanc University (1959) 

021 w M Ayrls and E M (Afus, Anaht Chem 33, 568 (1961) 
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In dll runs, the temperature of the gas exit tram and thermal conductivity detector was held at SO'C 
The gas flow rate was approximately 25 ml per min The heating rate over the temperature range of 
interest 0-400“C) was 6'’C per inin 

RESULTS AND DISCUSSION 

In ft a- red spectra 

Amides may protonatc the carbonyl oxygen or the amine nitrogen atoms as shown 
below in structures I and 11 

HO O 

\ ^ \ I 

C N- C- N—H*- 

i 1 II 

I II 

Resonance considerations favour structure I, and nuclear magnetic resonance studies 
present evidence that amides protonate the carbonyl oxygen Other authors^'Li^i 
however have piesented evidence that protonation of the amido nitrogen is more 
piobable 

Since urea ads as a simple amide in many of its reactions, protonation of urea may 
occur at the cai bonyl oxygen or amide nitrogen Metal ions too may form complexes 
with the urea molecules at either of these two positions Pfnland ct a/”®* studied 
shifts in characteristic absorption frequencies in the infia-red region to determine 
the position of the bonds formed when certain metal ions complex with urea 

In the present study, spectra of ethylene urea and five of its metal ion complexes 
were obtained by use of KBr disk techniques Table 1 includes absorption frequency 
assignments made by MrckU''’''** in his study of the infra-red and Raman spectra of 
ethylene uiea and ethylene ihiouiea Most of the assignments were analogous to 
those made by ZiiiLi for DMFU crystals 

DilTerences in the spectra of the metal chloride complexes of EU as compared to 
the EU spectrum occurred at frequencies characleristic of the carbonyl stretching, NH 
slietching, NH rocking and NH bending vibrations These characteristic absorption 
hands were checked with spectra obtained by use of Nujol mull techniques 

Analysis of spectral curves showed a broadening of the original amide I band of EU 
in the Co(ll) and Cu(ll) complexes There was no broadening of this band for the 
Cd(ll) complex Only in the complexes ofZn(ll) and Fe(lll) was there a resolution of 
the amide I band into a strong doublet, as indicated in Table 2 

These observations arc indicative of metal to oxygen bonding in all complexes except 
that of Cd(ll) Only in the Zn(ll) and Fcflll) complexes were the metal to carbonyl 
oxygen bondings of sufficient strength to resolve the amide I band into its components 
The amide I band*’"’ has been postulated to be due to a mixed skeletal vibraticm of 
OCN and carbonyl Any coordination of metal to carbonyl oxygen would cause some 
dissymmetry and would lead to a broadening of this band oi possible resolution into its 

Cj Eralnkh and C Franconi,/ Ainei Chent Soc 82,4478 (1960) 

'"’J T Edward, H S Chang, K Yaii-s and R Siewari, Cwnot/ J them 38,1518 (1960) 

“’’M Davies and L Hopkins, Tians la/adav Soc 53, 1563 (I9S7) 

R B Peniand, S Mizlishima, C Curran and J V Qeiasuiano J Anici Chem Soc 79,1575 
(1957) 

' ’ K Mfckl, Jr , Rei Mecke, Sr and I LuriRlNGHAUs, A’/ OVv Dtsch Chem 90,975 (1957) 

R MrtKpJr and Rri MrcKFSr.Av Ges Dtsch Chem 89,143 (1956) 
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TaHLI I --InIRA-KL 1> Sf'K IRl'M Dl LIIIALIM HRI A 1 25 // RK.ION KBr DISK 


1 leelllLilev 
(em ') 

Ocsei iption 

Assignmenis'” 

)279 

/^/ 

Nil slrvlehm" 

2941 

Vt’ 

C 11 j in phase slrcleliing 

2882 

H 

t IK out ol phase strelehing 

1 660 

N 

C O stietUiing and amide I 

1 s(l2 

fn 

Nil bending amide 11 

1 4S4 


C H_ symnietrieal bending 

1 Us 

in 

C II. unsymiiKtrieal bending 

1274 

\ 

NH unsynimetncal stretehing amide III 

1 101 

ni 

Nil iinsymmetneal stretehing 

105 1 

\\ 

NH synimetrieal strelehing 

986 

w 

C IK out ol plane rocking 

767 

u 

NH out of plane sliclehing 

700 

»h 

NH locking 

514 

n 

U nassigned 


It Weak band 
1)1 Meiliuiii band 
t Strtiii" band 
\\h Wideband 


lAlilL 2 --OI 1 SIRVM) INIRA-Rtl) AllSORRIION IHlOtlINtIFS (e'lll ') U)R LIlIVttNb 
eiRlA MEIAl ION (OMPLLMS- KBr DISK 


ZnC I. 21 U 

5 567 (s) 

2985 (w) 
2907 (It) 
1658 (t) 

1626 (t) 

1517 (t) 
1471 (m) 

1 595 (m) 

1282 (t) 

1096 (m) 
1021 (m) 
930 (m) 
750 (m) 
755 (m) 


CuCb 2LU 

551 1 (t) 

2950 (It ) 
2882 (w) 
1659 (t) 
1522 (It) 
14)5 (w) 
1471 (w) 

1 597 (m) 
1282 (s) 

1 101 (w) 
1028 (If) 
927 (h') 
746 (i/i) 
754 (s) 


1 cCl,2rU 

3356 (t) 

2959 (iv) 
2882 ( ir) 
1684 (t) 
1629 (t) 
1520 (m) 
1462 (iv) 
1389 (w) 
1282 (a) 
1203 (iv) 
1015 (iv) 
746 (t/i) 
731 (m) 


CoCI, 3i;u 

5522 (t) 

2950 (It) 
2882 (It) 
1658 (t) 
1508 (t) 
1462 (m) 
1399 (iv) 

1280 (t) 

1096 (n?) 
1027 (w) 
928 (iv) 
761 (/n) 
725 (m) 


CdCI, 2L-U 

5450 (t) 
5325 (t) 
2950 (n) 
2874 (it) 
1675 (i) 
1495 (m) 
1274 (t) 

10)6 (iv) 

766 (iv) 
722 (iv) 


(t) -- Strong band 
(m) Medium band 
(iv) - Weak band 
(t/i) = Shoulder 
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oinponents, with the OCN contribution at higher frequencies than the carbonyl 
iiLqucncics For these reasons, the absorption bands at 1626 and 1629 cm-^ were 
.elected as the caibonyl stretching frequencies and the bands at 1658 and 1684 cm- ^ 
'\ere selected as the skeletal OCN contributions for the Zn(ll) and Fc(ll) complexes 
lespcctivcly Shifts in the 6/t region to longer wave lengths are expected for the 
lollowing reasons the formation of a metal to oxygen bond (a) increases the electron 
demand of the donor oxygen and (b) favours the contributing resonance structure 
depicting increased CN double bond character. The band at 1502 cm ’ in EU is 
assigned by Micxt-'^'* to the NH bending vibration A shift in this band in the Zn(ll) 
complex to 1517 cm ^ and in the Fc(lH) complex to 1520 cm ' is in the expected 
direction of increased CN double bond character and increased bending frequency 
Also, as a result of the formation of oxygen to metal bond, the 1274 cm ^ absorption 
peak m FIJ, assigned to the NH unsym metrical stretching, or amide 111 band, is 
shifted to a slightly higher frequency (about 1282 cm for all these complexes except 
that of Cd(ll) 

The N H rocking vibration is also affected by changes m the metal ion of the 
complex In the instances of the Zn(ll) and Fc(lll) complexes, increases of 33 and 31 
cm ^ respectively in the frequency to 733 and 731 cm * are observed The influence of 
the metal ion on the rocking vibrations of the ring changes the broad band at approx- 
imately 700 cm ‘ to a shaip peak The magnitude of the shifts at this position of the 
spectra varied with the metal ion A summary of the shifts in characteristic frequencies 
with changes in the metal ion appear in Table 3 


Tmui 3 -OHMRsro c UANias in imrarhj sbsorpiion rRrQcrNt as 


Compound 

Amide I 

Amide 11 

N H rocking 


Frequency 


Frequency 

Frequency 



(cm ') 

Acm ' 

(cm ') 

Acm ‘ 

(cm ') 

Acm“* 

- 

- 

— 







t-thylenu urc.i (hU) 

1660 

- 

1 502 

700* 

— 

CuCl, 2FU 

1639 

21 

1522 

20 

734 

. 34 

I eCI, 2FU 

162) 

31 

1520 

18 

731 

- 31 

ZnCl, 2h,U 

1626 

34 

1517 

15 

733 

33 

CdCl, 2PU 

1675 

15 

1495 

7 

722 

22 

CoC 1 , 3r U 

1658 

2 

1508 

6 

725 

25 


* Wide band extended over broad range The bansl became sharpened into a distinct peak for 

all the complexes 


Similar shifts in the characteristic infra-red bands of the Cu(ll) complex are 
indicative of metal bonding through the caibonyl oxygen 

With the Co(ll) complex the shifts in the bands characteristic of the amide 1 and 
amide II arc quite small However, there is a fairly large shift (25 cm in the NH 
rocking vibration 

The infra-red shifts in the Cd(ll) complex could possibly be interpreted as indica- 
tive of bonding through the NH group, since the carbonyl oxygen stretching is shifted 
to higher frequency (4 15'Cm ‘) However such coordination should produce large 
shifts in the NH stretching region which are not observed An important observation, 
however, is the decrease in the broadening of the amide I band, it is even sharper than 
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in EU This may pdssibly indicate that the bonding to Cd(II) is through the tt cloud 
the resonating 

O 

C 


HN N 

grouping This would be nioie in line with ciystallogiaphic data recently icportnl 
C \\ At c \ and N \Rni i 1 1 *''* ha\e found thioiigh X-ray single eiystal analyses that all 
C'd( II )-u I ca ilei i \ ati \ c> ^tudlLd thus fai ctui ta in c.idmi urn to o\ygen bonding Howcwei, 
Mariim Mil/ a/'-'' intoipieted changes in the inlia-ied spectrum of the N-meth)I- 
acelainidc-C d( II) complex as mdicatixeol nitiogen to mcttil bonding KuitODA et at 
also inteipieted shifts of the caibonyl fiec|iiency as indicative of types of bonding in 
metal oxamiclc complexes \-iay single ciystal data on the Cd(ll)-Ell complex will 
be obtained and analysed hcfoic absolute assignment of the bonding can be made 
Based on changes in (leciutiicies of the amide 1 band, and considering atomic 
weights of the metals, the order ol decreasing stabilities of KLJ complexes formed by 
metal through oxygen bonds is 

Zn(ll) feflll) Cufll) -Co(ll) 

From absolute values of lrec|uency shilts, it might be inferred that the stability of the 
Cdfll) complex of V U is less than that of the Cu(Il) complex However, the order of 
decreasing stability is not nccessaiily the ordei of changes in frequency 

The charactei istie N-H rocking vibiation appeals as a bioad band m EU, in 
which It would have more rocking fieedom than m the EU complex of a metal ion 
Formation of a complex through the caibonyl oxygen should result in an increase in 
carbon to nitiogen double bond chaiactcr in the ring Such a double bond character 
would result in a sharper peak at higher ficquencics as is observed m these complexes 

X-rav diffrac Hon 

Diffraction curves showed little similarity among the five complexes and indicated 
the crystals are not isoinorphous No attempts were made to use the data to 
determine the unit cell dimensions The three principal interplanar spacings in order of 
their relative intensities for ethylene urea and the five complexes are recorded in 
Table 4 

Magnetic susceptibilities 

Tabic 5 presents the magnetic susceptibility data as obtained by the Gouy method 
FeClj2EU has a normal moment for Fe(III) of five unpaired electrons and lends 
support to the evidence that the iron complex is of the outer orbital type 


L Cavaic A, M Nardilu and L Cocaii, Nuovo Cinunlo 6, 278 (1957) 

L Cavalca, M Naroelli and L Coe,m, Gazz Chim Ital 87,903 (1957) 

M Nardelli, L CAVAlCAandO t-AVA, Cozz Chim Ital 87, 1232 (1957). 

(221 ^ Nardelli and L Coc,ni, Ricerca Sii 28, 379 (1958) 

(231 B V M MARTiNErrE, S Mizushima and J V Quaoliano, S/n’c/rai/iim Atta, 71 0959) 
(241 Y Kuroda, M Rato and K Sone, Bull Chem Soc Japan, 34, 877 (1961) 

R H Holm and F A Cotton, / Phys Chem 65, 321 (1961) 
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Tabit 4 -Principal interplanar spacinos for 

FU ANU &U ffIMPIFXFS DEFERMINIO BV X-RAY 
POWDER Dll FR AC I ION 


Compound 

d‘ 

d^ 

d-‘ 

t U 

t 85 

4 01 

2 28 

ZnClj 2tU 

721 

4 30 

3 83 

CdCh 2FU 

7 39 

8 45 

4 65 

CuCh 21TJ 

7 69 

4 29 

3 71 

CoCh 3F Cl 

660 

6 75 

4 02 

feClj 2F.U 

4 48 

5 62 

3 91 

(/', i the three principal 

interplanar spacings 

(A) in order of their relative intensities 

fABLF 5 — MaoNHIC 

SUSCtPIIBILIllFS 

OF FeCU 

2riU, CoCl. 3EU 


AND CuCI, 2EU 


Complex 

^ B(mg) 


/^iHcthr magoetona) 

FeCh 2F.U 

69 0 

1 8471 

5 91 

CoCh 3EI! 

tl 3 

1 8218 

4 15 

CuCh 2EU 

7 75 

2 0149 

1 89 


- the change in weight of the sample upon application of the 
magnetic held 

A/g weight of the sample employed in absence of magnetic field 


C 0 CI 2 3EU has an abnormally high moment for three unpaired electrons, however, 
Co(II) complexes are known to contain a high orbital contribution 

The magnetic criterion is of little help in elucidating the structure of Cu(ll) 
complexes, since the Cu(Il) ion has one unpaired electron regardless of the configura- 
tion of the bonds CuCI_, 2EU was found to have a moment of 1 89 Bohr magnetons 
possibly indicating a distorted planar configuration for the complex with the chlorides 
and carbonyl oxygens at the four cerrners of the square This would be somewhat 
analogous to the configuration m the CuCl.-urea complex However, the possibility 
of an octahedral structure such as in CuCI, 2H,0 must not be overlooked 

Difjcrcntial thermal analvus (DTA) 

Gas profile and DTA data for EU and the five complexes up to 320 C are recorded 
m Table 6 The first thermal change is endothermic for all complexes The order of 
stability for these complexes as indicated by the onset of the first endothermic peak is 

Zn(II)' Fe(lir) '' Co(ll) Cu(II) Cd(II) 

With the exception of the Cufll) complex, this is the same order of stability as that 
discussed in the section on infra-red spectra The Cu(ll) complex seems to be out of 
line, possibly because it is the only complex having an exotherm m this region (149 C) 
All other thermal changes were endothermic with the exception of the second peak for 
Co(]l) at 320°C 

i2«i p vy Selwood, A/og/K’/ot//f’Hi;s// 1 , (2nd Cd p 225) Intcrscience, New Vork (1956) 
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7 Aiti 1 6 - DTA 

ANI> OAS PROm L 

OAIA UP TO 320 'C 



rcmpciauirc of onset of thermal rcaetions 
< C) 

Temperature 

of 

SubMaiiLC 


- 

- 

onset of 


Isl 

2nd 

^id 

gas evolution t‘C) 

hU 

69 Lildo 

1 1 1 endo 

185 endo 

180 

ZiiCl. 21 11 

1 76 Lildi' 

274 endo 


260 

EcCI, 2FIJ* 

1 S8 Liido 

261 endo 


160 

CoCI. "It U 

142 etido 

320 e\o 


280 

CdCI, 21 U 

1 15 endo 

256 endo 


135 

CliCI, 2t-U 

1 16 eiido 

149 exo 

260 undo 

120 


* Absinhtd waUi liberated at 96 ( 


I he Zn(ll) complex shows continuous gas evolution starting at 260' C The Fe(ni) 
complex starts decomposing at 160 'C An earlier endotherm observed between 96“ 
and 115 C foi Tct I II) complex was shown by gas phase chromatographic techniques to 
be adsoibed watci Its gas profile is exticmcly complex, possibly indicating an 
oxidation-icduclion Analysis of deconipositicm products by gas phase chromato- 
graphic techniques showed them to be very complex mixtures The complexity of the 
gas profile may indicate that the two HU molecules are not equivalent in the Fe(III) 
complex 

I he unusual composition of the CoCH 3HU made it of interest to see if one or more 
of the HU molecules aie solvates Gas evolution was not observed with this complex 
until 280 C Since this was 100 ’ above the temperatuie where EU showed an appreci- 
able gas pressure, no EU solvate molecules arc indicated 

The least stable of the complexes is the Cd(ll) complex which shows continuous 
gas evolution stalling at I35^C 

The most complex DHA and gas profile curves were obtained from the Cu(II) 
complex Its gas piohle showed five peaks and its DTA curve showed three endotherms 
and two exotherms in the range up to 400“C Work is underway on identification of 
the decomposition products and the correlation of endotherms and exotherms to the 
structure of the complexes 

Reflectance spectra 

Figs I, 2 and 3 show reflectance spectra of the three coloured complexes Co(II), 
Cu(II), and Fe(III), respectively FeCI, 2EU showed a reflectance band at wavelengths 
below 500 m/i but none in other regions of the visible spectra CuCIj 2EU showed a 
reflectance band at approximately 900 m/c and another below 400 mp C 0 CI 2 3EU 
showed maximum absorption at about 680 m/«, and another absorption at 525 m// 

GENFRAL CONCLUSIONS 

1 The CuCE2EU complex 

Infra-red data indicate strong metal to oxygen bonding in this complex Such 
interaction can be explained if skewed octahedral bonding is assumed in this solid 
complex with d^sp^ hybridization Tn most copper complexes containing ligands with 
C — O bond, the splitting is such that the ‘‘x^-y^ orbital is singly occupied whereas the 
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''r® orbital is filled The singly occupied orbital containing effectively a 

positive hole should thus have a greater tendency to co-ordinate with the highly 

i; 

electronegative groups of the ligands, as the oxygen of the carbonyl group (C -O ) of 



VI, 1 , 

f iG I — Refletlance spcclruin of CoCI, 3tU 

Ihc EU molecule and two chloride ions Two moie chloiide ions could occupy the two 
octahedral positions such as in CuCUZH.O Such bonding explains the observed 
shifts of the carbonyl stretching of lower frequency and of the NH rocking band to 
higher frequency A somewhat skewed octahedral arrangement might be expected to 
give a magnetic moment slightly higher than the spin only moment 

2 The ZnCI, 2EU complex 

X-ray powder diffraction data indicate that the Zn(ll) and the Cu(ll) complexes 
are not isomorphous As in most four co-ordinated Zn(ll) complexes tetrahedral 
coordination seems to be achieved through a sigma bond with two Cl ions and two 
C groups DTA and infra-red data indicate that this complex is the most stable 
of the complexes under investigation 

L E Okuu., An Introduction to Transition Metal Chcmi'itr) ,Y> 60 Wiley, New York, Methuen, 

London (1960) 
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3 T/ie CoClj 3FU coinplcx 

Theconiposilion d/ (Ins complex indica(es/iveco-orclmation The magnet/c moment 
(4 3 B M ) IS too low for octahedral coordination,'-^’ it also shows that the Jtgand field 
IS weak and lhal a high spin complex is formed 'the reflectance spectrum also is not 
consistent with six co-isrdmatcd C'o(II) The DTA data indicate that all three EIJ 



I-Kj 2 -Reflectance spectrum of CuCh 2htJ 

molecules arc coordinated The three unpaired electrons occupy the and 

orbitals if a trigonal bipyramidal structure is formed Some repulsion should exist 
in the direction of the ligands producing lengthened metal ligand distances which arc 
indicated in the small shift of the carbonyl stretching band The filled and dy^ 
orbitals are available for rr-bonding and may stabilize the bonding to the Co(ll) ion 

4 The FeClj 2EU complex 

The magnetic moment of this complex shows five unpaired electrons indicating a 
weak ligand field A five co-ordinated complex, possibly trigonal bipyramidal, seems 
to be present However, DTA data indicate a somewhat unstable complex with gas 
evolution starting at 160°C This may possibly indicate that the two EU molecules are 


uei Gooixiame and F A CorroN, 4 Phys Chem 65, 791 (1961) 
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equivalent although an oxulation-rcduclion reaction could be an alternate 
possibility Stabilization due to Tr-bonding seems to be less than in the Co(ll) complex 

5 rhe CdClj 2EU complex 

This complex seems to involve a (JifTerenl type of co-ordination than those pre- 
viously discussed Its infra-red spectrum indicates a small shift to higher frequency for 



WovPiengtn, rru 

Fk. ^ - Reflectance spectrum of feCh 2r.U 


the carbonyl stretching frequency and to loccei frequency for the NH bending mode 
No large shift of the NH stretching frequency to loner frequency is observed such as 
was observed by Finland*^*’’ for the Pt(II)-urca complex where a shift of more than 
100 cm ' to lower NH stretching frequency is observed for the co-ordmated NHj 
group. However, a shift to higher frequency and formation of a doublet is observed 
(3325 and 3450 cm for the complex (compared to 3279 cm”^ for EU) This may 
indicate that in the Cd(ll) complex EU acts as a bidentate ligand with two different NH 
stretching vibrations Co-ordination through the tt system between the oxygen and 
one of the N donor atoms, stabilized by n bond back donation from the metal ton, 
could explain the shift to higher frequencies for both the carbonyl and NH stretching 
modes 
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6 The LIJ molecule 

The ELI molecule as ihe urea molecule is postulated to be <i lesonance hybrid of 
the folloumg canonical structures 


O C 


H 

N CH,, 


N CH 
H 


o c 


H 

N CH 


N CH 
H' 


O C 


H 

N CH, 


N CH 
H 


I his study seems to indicate that when co-ordinating to certain metal ions, the FU mole- 

h" 

N' 


cule can delocah7e its Tr-eloud over the () C system to give the following sti uctures 

N 

H 


jS CHj N— CHj 

0- C j or even *0 C j 

N CH- N CH, 

H r^'H 


Because of co-oidinatioii with the metal ion, the 7r-cloud might be spread over three or 
possibly even four atom systems The specificity of metal co-ordination will determine 
the amount of electron delocalization in the rr-system Preferred co-ordination 
thiough the carbonyl o\ygen will pioduce a shift in the carbonyl stietching band to 
shorter fiec|uencies and an increase in the NH vibration modes In these complexes the 
tlJ molecule can then be considered a monodentatc gioup in which the delocalized 
TT-cloud system becomes unsymmetiically disturbed This seems to be the ease in all 
complexes except that of Ccl(ll), which seems to be symmetrical because of its larger 
radius of co-ordination Both the carbonyl and NH stretching modes increase in 
frequency indicating possibly a symmetric co-ordmation through both ends of the 
TT-systcin 
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COMPLEXES OF THE RARE EARTHS— V 

PJPERIDINE-2,6-DICARBOXYLIC ACID 
L C Thompson 

Department of Chemislry, Universily of Minnesota, Duluth, Duluth 12, Minnesota 
(Received 12 Dei ember 1962) 

\bstract -Slcp-Vvistt formation constants have been determined for the raie earths (including yttrium) 
with pipcrdinc-2 6-dicarboxylic acid The measurements have been made in aqueous solutions of 
ionic strength /« 0 1 (KNO,) and a temperature of 25 C The data have been interpreted in terms 

ol I I and 2 I chelates Tiends in the values of log A', and log A', are discussed and compared with 
similar values for other ligands which contain the same basic chelating structure It is shown that the 
si/c of the metal ion is an important factor in determining the magnitude of the formation constants 
ot piperidine-2,6-dicarbo\ylic acid chelates in much the s.tmc way as in the chelates of dipicolinic acid 

At the present time we have underway in this laboratory a general programme 
concerned with elucidating the factors which inlluence the co-ordination of ligands 
to the rare-earth ions Of particular interest in this study is the measurement of 
formation constants for chelates of the rare earths with ligands for which comparable 
data are available for other metal tons In this way, it is hoped that comparisons can 
be made and conclusions can be drawn as to the effect which these various factors 
have in influencing co-ordmation with different types of metal ions 

Because of the practical importance of the ammopolycarboxylic acids, an investiga- 
tion of compounds related to the simplest aminopolycarbovylie acid, iminodiacetic 
acid (IMDA), would seem to be of intciest One compound of this type dipicolmic 
acid, has been studied by Grlnihi,*'*, and the formation constants have been compared 
with those of IMDA’-' Since the ring structure of pipcridmc-2,b-dicarbo\yhc acid 
might inhibit the movement of the carboxylatc groups into .i favoorable co-ord. nation 
position, It was decided that this would be a logical ligand to investigate Moreover, 
formation constant data are available for a number of other metal ions'-'* and can 
be used for purposes of comparison 


CHXOOH 

j n 

HOOC— M — COOH 

1 S 1 


L 1 

N 

HOOC 1 COOH 

CH.COOH 

H 

IMDA 

Dipicolinic Acid 

Piperidme-2,6- 


EXPERIMENTAL 

dicarbox)/lic acid 


Preparation of ptpci tdine-2,6-diC(tiho\vltc and The pjpcniJme-2,6-dic irboxylic acid was prcp.ired 
by the hydrogenation of dipicolinic acid as described by Aniursson and Soini'*' The dipicolinic 

"’I ORLNrHE, y Anier Client Soc 83, 360(1961) 

L C Thompson, //img Chcm 1,490(1962) 

R M Tichane and W h BENNEn.y Amet Chcm Sve 79,1291(1957) 

N E Andersson and 1 O Soinl, y Amer Pharm 4\wc (Si/ Ed) 39, 460 ( 19S0). 
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HI SI' LIS \\n DISCISSION 

The icsLills wIiilIi were oh(, lined for (lie .aid dissoLid/ion eonslants ,ind (lie i.iie 
cailh-piperidiiie-2,6-diL,irbo\vlie acid formation constants are given in d'able I 

TvHLI I — t-OR\l.\n()N C'ONsrVNrS IOR I'lPtRIIMNL ^.O-mi CRHOWLK' 

\(IO R\KI. I AUIH CHtLAILS 


I 2s <- 

pA, 2 54 


M‘ 

log A 

La‘ 

5 31 

Cc'‘ 

5 69 

Pi> 

5 83 

Nil-" 

5 92 

Sm" ’ 

6 13 

LT' 

6 13 

Gd^' 

6 09 

lb" 

6 16 

Dy'>i- 

6 26 

Ho-’ ' 

6 32 

Er’’^ 

6 42 

Tin'”- 

6 53 

Yb■'^ 

6 64 

Lu^'- 

6 71 

Y"- 

6 00 


II 

0 10 (KNO,) 

pA, 

10 12 

log A'i 

leg /h 

4 06 

9 37 

4 50 

10 19 

4 78 

1061 

4 88 

10 80 

5 30 

1 1 43 

5 32 

1 1 45 

5 37 

11 46 

5 13 

1 1 59 

5 56 

1 1 82 

5 55 

1 1 87 

5 65 

12 07 

5 77 

12 30 

5 83 

12 47 

5 84 

12 55 

5 40 

It 40 


The acid dissociation constants can be compared with the values of p>fi ^ 2 87 and 
pAT 9 92 (I 30"C, /r - 0 1 (KCl)) reported by Tichane and Bi-nni:tt <■*’ 

* The r.rre earth oxides were generously supplied by Lindsity Chemical Division, American 
Potash and Chemical Corporation, West Chicago, Illinois 
L C Thompson, 7 Jnoii^ Nut I Cliem 24, 1083(1962), 

S Chaberlk, Jk and a L Martell, 7 Amcr Chem Soc 74, 5052 (1952) 

B P Block and G H McIneyre, Jr , 7 Amer Chem Soc 75, 5667 (1953) 

H iRVJNCr and H S Rossorrr, 7 Chem Soc 3397 (1953) 
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Since the values of the 2 I formation constants are rather small, the possibility 
, ' hytirolysis of the rare-earth ion must be considered Jn order to minimize the 
iliolysis, the experimental solutions contained a ligand to rare earth ratio of 5 I 
allows measurements to be made m a more basic range than is possible if a 
, ;lkr IS used That hydrolysis does occur in the more basic regions is indicated by, 

, l.u-t that the calculated values of log show a strong upward trend. Consequently 

values which arc reported were taken from the region preceding this upward 
,, ml In general these formation constants were calculated from n values of 1 5 and 

In order to check the experimental technique and computational procedure, the 
■ lues of the formation constants for several metal ions with the ligand were deter- 
iiunocl uMiig 5 I solutions and these values were then compared with the literature 
, lilies which were obtained using 2 I solutions**’ When allowance was made for 
(he Jillcrencc in temperature, the agreement was quite satisfactory (c g Co, log Afj = 
s 3 and log A', 4 0, literature values, log A', =- 5 4 and log A'^ =4 1, NklogAT^ - 

(i 7 and log A', 4 7, literature values, log Ky 6 8 and log A', -= 4 8) 

The log A I values show the usual trends which have been observed for rare- 
laith complexes of this type***’ There is a uniform increase m the values as the 
atomic number increases with a slight decrease at gadolinium (the so-called “gado- 
linium break") The value for yttrium, however is much smaller than would have 
been predicted on the basis of its ionic size Yttrium is consequently placed in the 
cerium earths between neodymium and samarium It should also be noted that the 
overall spread in log Ki values from lanthanum to lutctuim is quite small, being only 
I 4 log A' units 

The trends in the log A'_, values are also the expected ones, with the exception of 
ihe small dip at holmium The formation constant for the 2 1 yttrium complex has 
the more normal position between gadolinium and terbium For each rare earth 
the value of log A", is larger than would be expected from the value of log A", The 
difference between the log A', and log K, values drops consistently in the cenum 
earths from I 25 for lanthanum to 0 81 (or europium, remains approximately cof^stant 
at 0 75 through thulium, and then rises to 0 87 for lutetium The somewhat different 
character of yttrium is shown by the fact that the corresponding dillcrencc is only 0 6 
It IS to be noted that all the rare earths heavier than samarium have values of log K, 
which arc larger than A', for lanthanum This behaviour has been observed previously 
only in the chelates of the rare earths with N.N'-cthylenediaminediacetic acid'^’ 
and with 8-quinohnol-5-suIphonic acid,*'” but only in the former case was t lie effc'ct 
so marked 

Since the skeletal chelating structures of the two ligands IMDA and pipcridinc- 

2.6- dicarboxylic acid arc identical, it is of interest to compare them w ith respect to 
Ihcir chelation with the rare-earth ions Of particular concern are tlic differences in 
Ihc corresponding log A", and log A'^ values These differences are given m Table 2 

The 1 1 IMDA chelates arc more stable than the corresponding pipcndinc- 

2.6- dicarboxylic acid chelates Since the latter molecules is somewhat strained 
when It IS co-ordinated, as indicated by molecular models'” it would be 
expected to form complexes which arc less stable than IMDA even though the 
nitrogen atom is more basic The fact that the dilTercnce in the log A, values is 

" B F Freasicr, A G Obfrg and W W 'WFNmANUi.y PhY<: Chem 62, 700(19SS) 
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l\Htl 2 -l)lMfHfN(IS miWIFN THr IORMATION (ONSTANIS oi thf rarf 
I \Riii-l\U)\ \\n -riRi -2 6-ni< arrow ; if a< in < mi mi << (Pip) 


M ' 

log A 1 - log A , 

log AS log K, 


LoTMiVA In Pip 

LnlMDA LnPip 

1 a' 

t) S7 

0 03 

C<. ' 

0 49 

0 03 

Pi ‘ 

0 61 

0 00 

Ntl' 

0 58 

001 

Sin 

0 S| 

0 06 

h Ll‘ 

0 60 

0 06 

Cul‘ 

0 60 

0 02 

1 h' 

0 62 

0 03 

ny' 

0 62 

0 13 

llo' 

0 64 

0 OS 

1 1 ' 

0 67 

0 06 

1 111 ‘ 

0 69 

0 09 

Yb' 

0 78 

0 02 

1 u' 

0 90 

0 28 

Y' 

0 78 

0 15 


cipproxim.itcly const. int through dysprosium and tlicn increases to lutetium might be 
an indication that the larger rare-earth ions arc better .iblc to overcome the adverse 
stcnc efTcct imposed by the piperidine ring on the ease with which the carboxylatc 
groups can approach the metal ion A bimiiar type of ellcct was noted with the 
dipicolmic acid complexes <- 

The 2 I IMDA chelates and the 2 I piperidine-2,6-dicarboxylic acid chelates arc 
of nearly the same stability In v icw of the differences m stabilities of the I i chelates, 
this IS somewhat unexpected A possible explanation lor this is contained m the 
stcnc factor mentioned m connection with the 1 1 chelates 

fn order to provide some other evidence for this stcnc effect the formation constants 
of the pipendine-2,6-discarboxylic acid chelates of cadmium were determined 
(Cadmium was selected since it forms complexes with aminopolycarboxylic acids 
which have formation constants of the same magnitude as the rare earths and its 
IMDA and dipicolmic acid chelates exhibit the same trends as the corresponding 
rare-earth complexes This is probably due to the fact that it has an ionic radius 
which falls in the range of the ionic radii of the rare earths ) A comparison of the 
formation constants which were obtained (log A\ — 5 22 and log K.^ 4 42, t --- 25"C) 

with the corresponding IMDA values (log A, 5 35 and log A 18, t - 30°C) 
reveals that the cadmium chelates with this ligand are also influenced in much the 
same way as the rare-earth chelates 

It would appear that m the 2 I piperidine-2,6-dicarboxylic acid chelates of ions 
having rather larger ionic radii, such as cadmium and rare earths, the adverse effect 
of the strain in the piperidine ring is partially smoothed out and the increased basicity 
of the nitrogen atom becomes the more important factor 

Acknowledgement — This work was supported by a PHS research grant GM 08394-02 from the 
Division of General Medical Studies, Public Health Service The assistance of Miss J A Loraas 
with some of the experimental measurements is gratefully acknowledged 
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IRON(in) DIMETHOXIDE COMPOUNDS 

K SlARKC 

Inslilut fur Kernchemie, Univcrsitdt Marburg, Marburg (Lahn), Germany 

(Keceived 15 November 1962, in teviscd form IS/it/iitaiv 1965) 

Abstract- ^ he preparation of various anhydrous iront I II) compounds and their convcrsiitn lo iron(III) 
diniclhoxides of the type he(OCHi)..X are described The formate and the acetate were synthesized 
by improved, convenient methods and new alkantiates (stearate, pivalate, benzoate, adipate, 
chloroacelate and ti ichloroacelate) were obtained Also, the nitrate and compounds with the anions 
of ethyl acetoacelate, dibcnzoylmcthane and ihenoyltrifluoroacetone were made Attempts to 
prepaic dciivativcs of strong acids and complexing agents are briefly discussed 

Hot MANN aitd BuotiL^” allowed iron to react with formic and acetic acids in methanol 
rind, by oxidation, obtained precipitates of the composition Fc(OCH ,),OCOR 
(R H,CH,) 

4Fe(OCOR)i, | SCHpH -i ► 4Fe(OCH,),OCOR i 4HOCOR -- 2H ,0 (1) 

The striking, canary yellow products also attracted the attention of Wunlano and 
Hot tMiii.R'-^' who treated the dark red basic acetates with excess methanol 

hc,(OH),(OCOCH ,)7 |-6CH,()li - 3Fe(OCH,)pCOCM, . 4 HOCOCH 3 

( 2 ) 

Recently, Hardt and Mot 1.1 r*"** reported properties of iron(lJJ) dirnethoxide 
acetate obtained by reaction (I) The compound was also encountered during an 
investigation of basic iron(JlI) acetates It seemed worthwhile to study the prepara- 
tion of iron(lIJ) methoxide compounds because of the apparent ease of formation 
and their relative stability 

Mcthanolysib of an iron(lll) compound is the essential step in the formation of 
ntethoxidc compounds 

FeX, I- 2CH^OH Fe(OCH,),X ' 2HX (3) 

Completing the reaction is mainly a question of removing the acid HX from the 
equilibrium The by-products must be prevented from contaminating the precipitates, 
which cannot be recrystalh£ed Starting from iron or iron(II) is neither necessary 
nor desirable, because water is introduced by the subsequent oxidation Though 
traces can be tolerated, the mam problem is finding anhydrous iron(lll) compounds 
suitable as starting materials 

Iron(lII) nitrate 9-hydrate was used m some preparations as the nitrate ion is 
replaced most easily and can be removed by reduction Also, many nitrates are 
reasonably soluble in methanol The water of hydration was either evaporated during 

K A Hofmann and G Buooe. Bcr Dfsc/i Cheni (fes 40, 5764 (19v)7) 

R Weinland and H Holfmeier, 2' Anor^ Cliem 173, 49 (1928) 

H D Hardt and W Moller, Z Anori^ CItem 313, 57 (1961) 

K Starke, / Nucl Cheni 13, 254(1960) 
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the preparation or was allowed to react with 2,2-dimethovypropane to yield methanol 
and acetone It can also be substituted by dimcthylsulphoMded”'’* which then, m 
addition to methanol, serves as solvent for the by-products Anhydrous iron(IIJ) 
chlondc was used for the pieparation of ironflll) ethyl acetoacetate With some 
alkanoic acids it allows a most simple synthesis, ethyl acctoacctate being the only 
by-product 

FclClfiCOCflCOOC.H,), IIOCOR i 2Cn,OK 

rc(OCH,)_,OCOR .ICHjCOCIFCOOC.H, (4) 

l KfLRIMl NTAL 

Lin/(.ss st.iled olliLiwisi ilio (.licmicaK weic ol inalylicil leagcnt puiily Ttie solvents wen. ol 
pratOt.il gnule Tlie ligrojiii. had a boiling ra.ige of tO-50 C Vokinic ratios aic given for solveiil 
ni/ttnies 

Anat\ SIS 

\ll daUi ale averages of two delerniinalions the samples were dissolved in standaid sulpliiirie 
aeid Iron(lll) was deleimincd loelomcti ically The iron(ll) was Ihcn prceipitaled as hexatyano- 
cohallale(lll), lodate was added and the .icid deteimined lodomclneally The molar ratio of 
basic groups, (OH, Of 1 1,) he was ealeul.iied from the* amount ol aeid ncutiah/ed by the sample 
Because the method lads with very weak acids m strung complesing agents, this ratio cannot be 
reported for all compounds Mieroanalyses were tarried out by the Microanalytical Laboratoiy, 
Mavl’lanek-lnstitut fur K-ohlenfoi seining, Mulhcim (Ruhr), Germany 

PrcjwrdUons 

All products vveic di icd and kept in a vacuum desiccator over silica gel In view of the debatable 
molecular vveighls of some basic iron compounds yields arc sometimes expressed in pcicentage of 
iron recovcied 

I Starling maleiials (a) Iron(lll) nitrate 9-hydratc (8 08 g, 0 02 mole) was allowed to react 
with formic acid (7 16 g. 0 16 mole), the nitrate being reduced to nitrous oxides The mixture was 
evaporated to dryness on the water bath, the residue taken up with methanol-formic acid (1 1) 
and dried carefully to avoid overheating Iheic remained 3 81 g (96 6 per cent of iron) (Found 
Fc, 28 11"„, OH I'e, 0 8) The product was dissolved in 2 ml of formic acid and reprecipitatcd 
with excess 2,2-drmethoxyprop.inc The amount obtained was 0 93 g(97 5 percent of iron) (Found 
he, 29 67"o, he, 0 5) Commercial iron(lll) formate was also used (hound Fc, 26 86"„, 
OH Fc 0 8 Calc for I cfOCOH)^ Fe, 24 25?„, OH Fc. 0 0) 

(b) Irondll) nitiate 9-hydrate (40 4 g, 0 10 mole) and irichloroacelic acid (53 9 g, 0 33 mole) 
were dissolved in 100 ml of 2-propanol, which acted as reducing agent foi the nitrate The solution 
was warmed on the water bath in small portions to avoid a too vigorous liberation of nitrous oxides 
After evaporation to dryness the residue was dried in the oven at 60 C There remained 44 0 g 
(94 9 per cent of iron) (hound he, 1205“', OH fe,05) The product (1 00 g) was warmed with 
3 00 g of trichloroacetic acid in 3 0 ml of toluene The precipitate was washed with benzene The 
amount obtained was 2 75 g (89 3 per cent of iron) (Found Fe, 11 74%, OH Fe, 0 4 Calc for 
FefOCOCCld, Fe, 10 29'’„, OH Fe, 0 0) 

(c) Iron(IU) nitrate 9-hydrate (8 08 g, 0 02 mole) in 10 ml of acetone was mixed with dimclhyl- 
sulphoxide (11 0 g) and more acetone was added It was also used to wash the crystals, which were 
separated by suction The amount obtained was 135 g (94 2 per cent of theory) (Found he, 

8 16%, OH he, 0 0) The residues of three preparations were concentrated Large greenish crystals 
were formed after several days (hound Fc, 8 05,C, 20 66, H, 5 09, N, 5 70, S, 26 75 Calc foi 
Fe[(CH,)AOJ„(N 03)3 Fe, 7 86, C, 20 28, H, 5 M . N, 5 91 , S, 27 07%, OH Fc, 0 0) 

K Starke, y //lorg Nucl Cliem 11, 77 (1959) 

H L ScHLAEER and W ScHAFFERNiCHr, An^ew Chem 72, 618 (1960) 

F A CorroN and R Francis, y Amer Chem Soc 82, 2986(1960), J Inorg Nucl Chem 17, 

62 (1961) 

K Starke, Aiuilyi Chem In press 
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id) Iron(lll) chloride (sublimed, practical grade, 16 2 g, 0 10 mole) and ethyl aceloacctate (39 0 
tt) nt^rie) were dissolved in 200 ml of ether Dry ammstma gas was passed through until ammon- 
a chloi ide was completely precipitated it was sepaiatcd by suction and the ether pumped off in a 
ii Muin while the liltr ate was introduced in small portions anu cotded with ice There remained 37 9 g 
S' S per cent of theory) (found f e, 12 82",,) Parttif the product was rccrystalli/ed by treating 
IS Lihcr solution with charcoal and pumping oil the ether in the manner deseiibtd (Found C, 
f,| II 6 09 (ale for fe(CHjt(KHtD(X.fl,,), Te, 12 60, 48 78, H, 6 14'',,) The m p was 
I ) t , vv Inch was also lound for a sample prepared with sodium ethyl aeelo,icelate according to Knorr 
,,,J Si iiiiliiKi“” I his IS not m agiecment with the mp ol 99 100 C leporled by these authors 
^ lionilll) dimethoxidc compounds The crude priiduels 1 a d were used in the following 

1 ispiiaiions (a) Iron(lll) lornialc (piactical ui.tdc 3 00 g) was healed with 400 ml ol methanol 
iiUil the led suiting material had disappeaicd I he vellow precipitate was separated by suction 
I'sl washed with methanol 1 he amount obtained was 1 46 g (60 8 per cent of ironi (Found 

u 1354,0(11, Ic,2()0) Iron(lll) foimatc (prepared by piocedtire la, 200 g) was treated the 
'iiiieway 1 he amount obtained was 0 6 g( 37 1 per cent of iron) (Found Fe 34 98° OCHj Fc 

2 00 ( ale foi 1 c(()ClF),()C()H 1 e, 34 28",„ OCll, Fc, 2 0) 

(b) lion(lll) (riehloi oaectate (piep<ucd by procedure lb, 3 00 g) was dissolved in 400 ml eif 
iiielliaiiol A precipitate was tormed, which inereased on warming and was allowed to settle It was 
washed with methanol and separated by suction I he ametunt obtained was 1 70 g (92 1 per cent 
ol iron) (Found Fc, 19 59';, „ OCH, 1 e, 1 X) lie>n(111) nitrate 9-hyclralc (202 g, 0 005 mole) 
was allowed to read with 50 ml of 2,2-dimclhoxypropane rnehloroacetic acid (0 82 g, 0 005 mole) 
was added The prceipiUlc was allowed to settle, separated by suction and washed with 2,2-di- 
melhoxypropanc The amount oblamed was 1 31 g(93 5 per cent ol theory) (Found Fe. 20 07, 
(.16 89, ll,205"„, OCHj rc,20) Calc for f cfOC 1 1 ,)30C (9C C I, Fe, 19 92 C , 1 7 14, H, 2 1 6°„ . 
OC H, Fc. 2 0) 

(c) Iroii(ril) nitrate 9-hydiale' (4 04 g, 0 01 mole) was allowed to react with JOO ml of 2,2-di- 
mellioxypiopanc The solution w<is diluted with 400 ml of bcn/cne-ligroine ( 1 1) and lelt for several 
days The greenish-yellow crystals were sepaiatcd by suction and washed with 2,2-dimethoxypropane 
in a dry box The amount obtained w.is 1 73 g(96 2 percent ol theory) Tlie compound decomposed, 
the carbon and nitrogen contents decreasing in successive deteiminations (Found m the first 
deicimination Fe, 30 90, C, II 96, 3 19, N. 7 00°,,. OCII3 Fe, I 9) The compound was also 
picpaied with toluene -ligromc (I I) .is precipitating agents f he amount obtained was 1 68 g 
(93 4 per cent of theory) The mlralc was precipitated with nition (Pound Fe, 30 94, NO3, 

3 3 25“„, OCHj Fe, 1 9' Calc for Fc(OC H,),N03 Fe, 3| 04, C. 13 35. H. 3 36, N, 7 79, 

34 46'",,, OCHj Fc, 2 0) 

(d) F(exakis(dimcthylsulphoxidc) iron(lll) nitrate ( 3 55 g, 0 005 mole) and sodium .ncelati' (2 46 g, 
0 03 mole), each dissolved in 40 ml of methanol, were mixed and warmed tm the water-bath The 
pieeipiUlc was separated by eentritugation and washed with methanol The mother liquor combined 
with the washings yielded an additional quantity I he total amount obtained was 0 60 g (67 8 per 
cent of thcoiy) (Found Fc, 31 24"^, OC H, Fe. 2 0) Ironflll) ethyl .iceloaectatc (2 22 g 0 005 
mole) and ammonium acetate (2 31 g, 0 03 mesle), each dissolved in 40 ml of methanol, were treated 
in the manner described The amount obtained was 0 76 g (85 9 per cent of theory) (Found Fe, 
3150%, OCff, Fe, 2 0 Calc tor FeCCTCHd.OCOC H3 Ve. 31 56%, OCH3 Fe.'2 0) 

(c) Iron(lll) ethyl acetoaeelalc (4 43 g, 001 mole) and chloroacelic acid (0 95 g 001 mole), 
each dissolved in 75 ml of methanol, were mixed anei treated in the manner described (2d) The 
amount obtained was 1 82 g (86 I per cent of theory) (Found Fe, 26 49'’„, OCH3 I c, 2 1 Calc 
foi Fe(OC H3)30C0C HjCl Fe, 26 42 "i, (K H, Fc, 2 0) 

(f) Same procedure with pivalit acid (I 02 g, 0 01 mole) The amount obtained was 2 06 g 
(94 0 per cent of theory) (Found Fc,25n%, OCHj Fe, 2 1 Calc for FelOCHjljOCOCCC Hjlj 
Fc, 25 50%, OCH3 Fc, 2 0) 

(g) Same procedure with stearic .teid (2 85 g, 0 01 mole) The anuiunt obtained was 2 26 g 
(58 5 percent of theory) (Found Fe, 14 89"„ Calc for Fc(OCH3)jOC{')(CFl2)nCHs Fe,1446”o) 

(h) Same procedure with adipic acid (0 73 g, 0 005 mole) The amount obtained was I 83 g 
(96 3 per cent of theory) (FoOnd Fc, 28 66%, OCH3 Fc, 2 0 Calc for 1 e((X H 1)306 0(C H,)* 
COOFefOCHj), Fe, 29 40°,",, OCH3 Fe, 2 0) 

"" L Knorr and FI Schubert, Her Di^ch Chem Ges 44,2772 (1911) 
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(i) Sanit procedure uilfi ben/oic acid (( 22 g 0 01 mole) The amount obtained was 2 10 i, 
(S7 9 per cent ol theory) (Found ft 2d 36"., OO/i Te, 2 2 Calc for Te(OCH,)..OCOC„H 5 ft' 
23 36",, OCH, Tc, 2 0) 

(k) Iront/ff) elfi>l acctoacctalc (4 43 g, 0 01 mole) was dissolved in 300 ml of methanol Aftci 
4 days the orange precipitate was scp.iralcd by suction and washed w'lth methanol and 2,2-dimeth- 
osypropme The amount obtained was 1 60 g (MS per cent of theory) (found Fc, 23 18, 
C 3811 H, 394 ( ak for Fc(0( lI0.CH,cV)CHCC)OC.Ur, Fe.22 61, C. 38 89, H, 6 I2"„)’ 
The starling material yielded the same compound in attempts to prepare iron(lll) dimethoxide 
peiehlorale and trinuoroaeetate 

(l) He\akis(dimctliyKulpho\ide)iron(lll)nitrate(7 II g.OOl mole) and dibenzoylmethane (2 24 g, 

0 01 mole) weic dissolved in 100 ml of methanol A solution of dry ammonia gas m methanol was 
added until precipitation was complete The orange precipitate was separated by centrifugation 
and washed w'llh methanol The amount obtained was 3 10 g (90 9 per cent of theory) (found 
fc, 17 09 (,58 09 11,4 72 Calc for 1 c((X'fl o.C Jl/ OC 1 1C OC'r.H s fe. 16 37, C, 59 85, 

H, 5 02"„) 

(m) Same pioccduic with thenoylli illuoi oaectone (2 22 g, 0 01 mole) A yellow precipitate was 

separated 1 he amount obtained was 2 95 g (87 0 per Cent of theory) (Found Fc, 15 61, C, 
34 82, 11,2 97 S,9 38 C ale lor FvlOC H ,),C F,C'(X IK OC f e, 16 47 , C , 35 42 , H, 2 97. 

S, 9 46"„) 

RbSlJLTS AND DISCUSSION 

Tliough for a long time sole representatives of iron(lll) methoxide compounds, 
the formate and acetate are not unic|uc This is demonstrated by the preparation 
of precipitates with vaiioiis other anions While Hofmann and BucajI;"’ regarded 
tlicir compounds as dimelhoxidcs, H xKur and Moi i reported for the acetate a 
variable composition, [Fe(OCH,),, ,,(OCOCH,), j.]„ (1 v 0) 

In the present investigation, the average of the ratios OCH , be that were determined 
IS close to two, with deviations to both sides of up to 10 per cent This is greater 
than the analytical error Complicated formulas different from that of a dimeth- 
oxide might be advanced for some precipitates However, there is doubt that such 
formulas represent definite compounds unless the same composition is obtained 
under varied conditions The objective of the present investigation was to prepare 
many different compounds A couple of them were made in two ways, the ratios 
being 1 8, 2 0 (trichloroacetate) and 2 0, 2 0 (acetate) Pending the results of further 
studies, the compounds arc best described as polynuclear complexes of a general 
formula. [Fc(OCH,)> ,„X, (0 2 m 0 2) The nomenclature for basic 

salts was used 

The difficulties of isolating compounds with constant composition remind of the 
aqueous system There, the analogous condensation by olation may be followed by 
the process of oxolation Unlike hydroxide, the methoxide group has no hydrogen 
or other ion to lose This could partly explain the relatively small range in composition 
of methoxide compounds m contrast to basic acetates which extend from complexes 
like Fej(OH)/OCOCH 3 )fi‘ to polymeric products such as [FejO,(OH)jjOCOCHJ„ 

The solvated iron(Ill) probably loses protons easily, methanol resembling water 
more than any of the higher alcohols With ammonia as acceptor, Bradley, Multani 
and Wardlaw*’"' removed three protons per iron atom by precipitation as ammonium 
chloride and obtained iron trimethoxide 

3FeCl3(CH,OH)3 h 9NH,-vFe3(OCH3)9 | 9 NH 4 CI j (5) 

A trimer with methoxide bridges, the compound is soluble in methanol and benzene 

D C BRAOLtv, R K Multani, W Wardlaw, / Chem Soc 126 (1958). 
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Mtempts to prepare an iron methoxide chloride according to preparation 2c 
laded, while the nitrate separated only slowly after addition of a benzene- ligroine 
mixture Methoxide compounds of perchloric, sulphuric and tnfluoroacetic acids 
tould not be observed They may be too soluble to be isolated without using long 
lasting procedures requiring careful exclusion of moisture 

The iron methoxide compounds described in the present paper are relatively 
insoluble in methanol and could therefore be separated rapidly Possibly, the re- 
spective acid anions act as bridges in the formation of polynuclear complexes This 
would also explain why the anions of strong acids such as perchlorate, sulphate and 
trifluoroacctatc, which are weak donors, do not cause precipitation Only after 
trichloroacetic acid (preparation 2b) and other alkanoic acids arc added to a nitrate 
solution docs an alkanoatc separate Ethyl acetoacctate of the starting material is 
incorporated in the precipitate rather than perchlorate or trifluoroacetate ions added 
(preparation 2k) 

While ntcthoxide groups replace two of three ethyl acetoacetate groups (prepara- 
tion 2k), they fail to do so with other, evidently stronger complexing agents For 
instance, iron methoxide compounds of oxalic and salicylic acids could not be obtained, 
colour changes indicating that the normal chelates of these acids were formed 

Further research must concentrate on preparation of pure representatives of 
the series and X-ray analysis of their crystal structure This could settle the question 
whether the composition is variable or exactly that of a dimethoxidc 

4cknot\ leJifetrwiiis —The financial support by the Bundcsministcnum fur Atomkcrnencrgic and the 
Fonds der Chemischeii Industrie is gratefully acknowledged Thanks are also due to the Dow 
Chemical Company, Midland, Michigan, for a generous supply of 2 2-dimetho\ypropane 
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PHOSPHORUS THIOBROMIDES 

J M Andrews, J E Ferousson and C J Wn kins 
Department of Chemistry, University of Canterbury, Christchurch, New Zealand 

{Received 2^ December 1962, in revncd form 15 February 1963J 

Abstract --Besides thiophosphoryl tribromide there exist two crystalline thiobromides, PjSoBr, 
and PjSjBr,, both of which arc obtained from the bromination ol tetraphosphorus hcptasulphide 

The compositions of the phosphorus thiohalides are dependent upon the halogen 
Thiophosphoryl trihalidcs, PSXj, are known where X - F, Cl, and Br, but the only 
thiodide IS related structurally to the phosphorus sulphides'^’ Other 

thiobromides P^SaBr^, PgSBr, and PoSBr,, were reported in 1872 by Michaflis''*’ but 
without adequate evidence of their identity as pure compounds The first two were 
said to be obtained by the bromination of “P^S/’ and the last from the decomposition 
of thiophosphoryl tribromide under distillation Re-exammation of the bromination 
products shows them to comprise phosphorus tribromide, thiophosphoryl tribromide 
and two new crystalline sulphur-nch thiobromides, diphosphorushexathiodibromide, 
PjSflBr^, and diphosphoruspentathiotetrabromidc, Pi,S 5 Br 4 The first with its higher 
proportion of sulphur is obtained m higher yield from pure tetraphosphorus 
hcptasulphide than from “PjS,” which contains both the heptasulphidc and lower 
sulphides in admixture 

An examination of other reactions, which on the basis of early claims, might 
yield other thiobromides failed to reveal such products Distillation of thiophos- 
phoryl tribromide at atmospheric pressure causes dissociation to phosphorus 
Inbroinidc and sulphur Cryoscopic measurement of molecular weights of mixtures 
of phosphorus tribromide or tetraphosphorus decasulphide with thiophosphoryl 
tribromide gave no evidence of association or rearrangement 

Of the phosphorus sulphides the decasulphide alone fails to react with bromine 
This suggests that initial attack occurs at the P — P bonds present in all but the 
decasulphide Tetraphosphorus trisulphide yields the heptasulphidc as an intermediate 
product, which is indicative of considerable atomic rearrangement during the reaction 
Some interconversion of molecular species must continue even after the bromina- 
tion because in the isolation of the thiobromides the two compounds crystallize 
from the solvent m succession 

The two thiobromides can be recovered unchanged from carbon disulphide and 
molecular weights were determined ebullioscopically in this solvent In polar solvents, 
however, decomposition occurs Contact with acetonitrile at ordinary temperatures 
causes conversion to thiophosphoryl tribromide and an insoluble residue, one con- 
stituent of which is low in bromine, but no known phosphorus sulphides are present 

R D Topsom and C J Wilkins, y Inori^ Niirl Chem 3, 187 (1956) 

'' D A Wrioht and B R Penfold, /I fM Crv(r 12,455 (1959) 

A Michaelis, Liehii^s Ann 164, 9 (1872) 

G A Rodley and ic J Wilkins, y Inor^ Niicl Chem 13,231 (1960) 
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Phospluiryl tribromidc and this same product of low bromine content are also formed 
(along with phosphorus tnbromide) from thermal decomposition of the thiobromides 
in the absence of solvent 

The infra-red spectra of the crystalline compounds (Fig 1) have the features 
associated with tlie P S and P - S P linkages ol the pliosphorus sulphides The 
strong absorption within the range 650 680 cm ‘ characteristic of the three sulphides 
having P S bonds (spectra />, i and ^/) is shown also by the two thiobromides (e and /"), 



Fig I - Infra-icd spectra of (a) P^S ,, (b) P^S,. (c) P,S,, (d) P^Sm , (c) P.SoBrj, (f) P^S^Br, 

and both show bands at 450-520 cm * due to the P --S — P group The spectrum of 
diphosphorushexathiodibromide resembles that of tetraphosphorus decasulphide 
most closely, but in common with the loner phosphorus sulphides the spectra of 
both thiobromides also show absorptions at 400 450 cm ^ Assuming that the 
coordination number of phosphorus towards sulphur is limited to four the composi- 
tions of the thiobromides require that S — S bonds must also be present Absorptions 
due to such bonds may appear within the same region^*’’, but these are weak in other 
classes of compounds The densities of the thiobromides (P^S^Br^, 1 82, P 2 S 5 Br 4 , 
1 99 g cm ■') are low, falling even below the range 2 03 -2 19 for the phosphorus 
sulphides This evidence of an unusually open packing renders any ionic structure 
improbable An X-ray determination of the crystal structure of diphosphorus- 
hexathiodibromide IS being made in this laboratory by Dr B R Penfold 

See also A PiTOCHELLi and L F Audrieth, J Amer Chem Soc , 81, 4458 (1959) 

1 J Bru AMY, The Infra-red Spccti a of Complex Molecule'! (2nd Ed), ^ 352 Methuen, London 
(1958) 
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EXPERIMENTAL 

Preparation and properties of the thiohromides Dry bromine (72 g) was added lo an ice-cold 
suspension of sieved (40 mesh) tetraphosphorus heptasulphide (50 g) m pure carbon disulphide 
An hour was allowed for the addition and stirring continued for a further 30 min before the solution 
was siphoned from any unreacted sulphide Solvent was distilled off until the temperature of the 
remaining oil had risen to 80' Ether was added until the precipitate which formed initially just 
redissolved and the solution shaken vigorously to dissolve as much of the oil as possible Needle-like 
crystals of the diphosphorushexathiodibromidc (3 g) appeared within an hour, to be followed by 
much slower crystallization of nodules of diphosphoruspentathiotetrabromide (4 g) The residual 
oil solidified to a mixture of the two compounds as shown by X-ray powder photography Through- 
out the preparations solutions were kept under carbon dioxide and the crystalline compounds 
handled in a dry box The same reaction products were obtained even when heating was avoided 
by removing solvent under vacuum 

Analyses were carried out as for the thiodide (found, diphosphorushexathiodibromidc 
P, 14 82, 14 85, S, 45 36, 45 38, Br, 38 49. 38 66"„. m, 360 Calc for P.ScBrj P, 14 98, S 46 40, 
Br, 38 62X> rn, 414 Found, diphosphorusf>entathioletrabromide, P, 1161, 1169, S, 29 53, 
29 29, 29 70, Br, 57 73, 57 63, and 58 4 on a different sample, m, 583 Calc for PjSjBr, P, 11 44, 
S, 29 58, Br, 58 98"'u /«, 542) The hcxathiodibromidc melts at 1 18’, and the pcntathiotctrabromide 
at 90', both with decomposition 

Decomposition of diphosphoruspentathiotetrabromide (5 56 g) heated to 200' under high 
vacuum gave phosphorus tnbromide (1 13 g) and thiophosphoryltnbromide (1 70 g) The solidified 
residue (21 5 Br) gave X-ray powder lines with i/, 6 07 ni and 3 16 9 The residue from the pcntathio- 
tetrabromidc in acetonitrile gave these and additional lines having d values 4 61 m, 3 78 >v, 3 69 h , 
3 52 IV, 3 42 iv, 3 32 h>, 2 63 h', 2 57 iv, 2 19 iv The original thiobromidcs gne d values PsSsBrj, 
5 75 IV, 4 47 9, 3 45 m. 2 97 9, 2 41 m, 2 27 w, 1 72 iv, 1 66 iv, 1 60 iv, and for PoS^Br,, 5 09 j, 4 73 j, 
3 98 m, 3 43 w, 3 1 8 ni, 3 04 m, 3 00 m, 2 97 m, 2 70 iii, 2 26 u . 2 00 h . 1 83 iv 

Densities were measured by flotation in mixtures of carbon tetrachloride and ethylene dibromide 
Infra-red spectra were run on Nujol mulls using a Perkin Elmer 221 spectrophotometer with 
potassium bromide optics 

Ackmuk'di^tments — The authors are indebted to Messrs C G Frfeman and R. E J Hutchinson 
and Miss P S Markham, for assistanee vvith experimental work 
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THE THERMAL DECOMPOSITION OF METAL 
COMPLEXES— IV 

SOME AMINE COMPLEXES OF COPPER (II) SULPHATE 

W W Wenolandt 

AFOSR Centre for Molecular Research, Department of Chemistry, 

Texas Technological College, Lubbock, Texas 

{Received 8 October 1962, in teviied form 27 December 1962) 

Abstract — The thermal dissociation of the mono-, bis-, and rni-(ethylenediamine)-, the his{l,2- 
propanediamine)-, and the h;j(l,3-propanediamine)-compIexcs of copper (II) sulphate was studied 
by thermogravimetry, differential thermal analysis, gas evolution, and high temperature reflectance 
spectroscopy The TGA curve obtained for [Cu(cn)3]S04 corresponded to that expected for the 
deamination of one of the ethylenediamines The decomposition curves of the /);i(aiTune)-complexes 
corresponded to a one step deamination process, giving CUSO4 which immediately dissociated into 
CuO and SO3 The £„ for the deaquation of [Cu(en)(H20)2]S04 was 29 kcal rnole^* as determined by 
a DTA method Reflectance curves are given for all of the complexes at ambient temperature as well 
as [Cu(en)(H40)3]S04 at elevated temperatures 

The ethylcnediaminc (en) complexes of the copper (II) salts are well known Previous 
studies have been concerned with their preparation and properties, thermo- 
chemistry,'®"*’* structure,*’^"*®* absorption spectra and composition,'*®* and optical 
rotation "** Perhaps the least studied property of these complexes has been their 
thermal stability although the drying and dehydration temperatures have been 
lecorded for some of them '^'^* It is thus the object of this investigation to study the 
thermal properties of the mono-, bis-, and fm(ethylenediamme)- the 6w(l,2-propane- 
diamme)- and the 6/A(l,3-propanediamine)-complexes of copper (11) sulphate 

EXPERIMENTAL 

Reagents Thecthylenediamineand l,2-propanediaminc‘(pn) weicoblained from Eastman Organic 
Chemicals, Rochester, N Y The 1,3-propanediammc (trimcthylenediamine, tm) was obtained from 

P Pfuifer and S V Mulilniiun, y Piakt Chem 137, 9(i933) 

F W Chattaway and H D K Drlvv, T Chem Soc 947 (1937) 

'■"P PFFiFFtR and H Oiaser,/ Piakt Chem 151 , 134(1938) 

" C M. Harris, / Proe Roy Soc N S IPn/ei 82, 218 (1948), 85,138 (1952) 

'’’G Gordon and R K Birdwhisieli / 4mer Chem Soc 81, 3567 (1959) 

(«i W Wahl, Soc Sci Fenniea Commentations Phi \ Math 4,(14] 1 (1927), Chem Ahsir 22, 
3596 (1928) 

J J Fritz, R Rao and S Slki, / Ph\s Chem 62,703 (1958) 

C H Johnson and S A Bryanf, / Chem Soc 1338 (1945) 

C G Spike and R W Parry,/ Amer Chem Soc 75, 3770 (1953) 

T Davies, S S Singer and L A K Siavfiy J Chem Soc 2304(1954) 

1 Poulsfn and J Bjfrrum, Acta Chem Scand 9, 1407 (1955) 

' ’K S Mandal, On rem 5rt 10,78 (1941) 

'' H ScouLOUiii and C H Cari isie, Natutc 166 , 357 (1950) 

" H S<T)ULOUDi, Acta Cn \t 6, 651 (1953) 

' G Giusfppftii and F Ma/zi, Rend Soc Mmeialog Pal It 202 (19S5) 

H B JoNASSFN and T H Dlmer / Amer Chem Soi 71. 135 3 (1949) 
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the American Cyanamid Cu , New York, N V They w'crc all purihed by conventional methods 
Rcajtent grade copper (II) sullate 5-hydrate was obtained from the Mallinekrodt Chemical Works, 
St Louis, Mo 

Preparalion of lomplcws The compounds, [Cu(en)(Ll,0)_.]S0„ [Cu(cn)j)S 04 and [Cufen) 3 jS 04 , 
were prepared as pieviotisly deseiibcd The [Cu(pn) 2 ]SO, and [Cu(tm) 2 ]SO, were prepared by the 
same proetduie as w.is used for [Cu(en)_]SO, 

fhe eompounds were analysed lor copper content by ignition to CuO in a muffle furnace at 
850 C The carbon and hydiotten analyses were determined by the Schwarzkopf Mieroanalytical 
I ab , Wosidsidt 77, N Y I he results of the analyses arc given in Table I 


I Alll t I - AnAISSIS OI < OI'IM r < OMI’I fm s 


C umpuLind 


Coppci 


Cai bon 

Hydiogen 


1 ounvl 

rhciH 

touiul 

[ hcor 

Pound 

Theor 

tCu(cii)(H,0),]SO, 

25 24 

24 84 

9 80 

9 39 

4 58 

4 73 

ICutcipjlSOi 

22 62 

22 71 

17 23 

17 17 

5 98 

5 76 

[C u(cn),]SOi 

18 80 

1 8 69 

21 33 

21 20 

7 23 

7 12 

[('u(pii)j]SD4 

1 9 S.S 

20 64 

22 12 

23 41 

7 00 

6 55 

[CiKImlJSO, 

20 SO 

20 64 

21 98 

23 41 

6 88 

6 55 


Tliei tmibalaiKe The aulomatie recording theimobalanec has previously been described 
Sample sizes lange in weight Iroin 50-55 mg The lurnaee heating i ate was approsimately linear with 
time at 7‘’C pel mm An air atmosphere was maintained in the lurnaee during the pyrolysis process 

Differential tlurnuil analv\n appaiatiis The dilTcrcntial thermal analysis apparatus has been 
previously described Sample sizes tanged in weight from 40 to 50 mg and were pyrolysed under 
a dynamic helium atmosphere at a kiinaee heating rate of 10 J- 1 C per mm The gas evolution 
curves weie recorded either on a Varian Model G-22 strip chart recorder oi a Moseley Model 
135R X Y recorder 

Rtflcilaiuc spectra studies The reffeetanec curves were obtained usinga healed sample holder'*” 
attached to the reflectance unit ot .i Uaiiseh and Lonib Spcetronie 505 spectrophotometer The 
rcffcclanee curves of the heated and unheated sample mixtures were automatically scanned from 400 
to 700 in/i by the instrument In all cases, K^SO, was used as the reference material 

RLSULTS AND DISCUSSION 

Tlicnnogiaunietru analvsts {T(JA) studies The TGA curves for the complexes 
are given in Fig 1 

In general, the curves obtained corresponded to that expected for various dehydra- 
tion and deamination reactions The compound, [Cu(cn),]S 04 (Fig 1/A), began to 
lose weight at about 200’ fhe first weight-loss, which resulted m a break in the 
curve at 215\ approximated that for the loss of one ethylenediamine per mole of 
complex (Found, 15 6"' Theor 17 68"/) The second weight-loss, resulting in the 
curve break at 295’, approximated that for the loss of two ethylenediamines (Found, 
33 6°/, Theor 35 36 °„) per mole of complex However, the compositions may be 
entirely fortuitous since no compounds were actually isolated during the thermal 
dissociation process On further heating, the last co-ordinated molecule of ethylene- 
diamine was evolved, as well as the dissociation of the sulphate ion, resulting in a 
residue of copper (II) oxide 

(17) W W WiNDiANDi, r D GroROF and G R Horton, / Inorg NucI Cheni 17, 173 (1961) 

US) W W WrNDl ANor, zlzia/vr C/itm zlc/a 27, 309 (1962) 

u«) W W Wendlandt, P H Frankf and J P SmiH , A nalyt Chem 35, 105 (1963) 
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The compound, [Cu(en).JS 04 (Fig 1/B), began to lose weight at about 280° 
This first weight loss, resulting m a curve break at about 340°, was due to the evolution 
of two moles of ethylenediamines (Found, 40 6% Theor 42 96%) per mole of 
complex The loss of the two ethylenedeammes was then followed by the dissociation 



Fic, I — Thermobalante tunes of copper complexes 
A [Cu(en) 3 ]S 04 , H [Cu(enb]SO,, C [Cu(en)( H ,0) JSO, D [t u(pn),lSO,, 

E [Cu(tm),lSO,. 

of the anhydrous copper sulphate, giving copper (II) oxide with perhaps a small 
amount of free copper as the residue The free copper oxidized on further heating, 
causing the increase m weight at higher temperatures There was no evidence for the 
existence of the monoamine complex Thus, the decomposition sequence is probably 

•’SO’ 

[Cu(en) 2 ]S 04 ► CuSO, } en 1- decomposition products 

and 

CUSO4- — >-CuO ; SO, 

The eompound, Cu(en)(H20)2 SOj (Fig !/C), began to lose weight at about 130°, 
resulting in an almost horizontal weight level from 190° to 300° This first weight-loss 
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was due to the evolution of the two moles of water (Found, J4 4%. Theor 14 09"„) 
per mole of complex Further dissociation then took place, above 300°, resulting m a 
copper copper oxide mixture at 380° Further heating caused oxidation of the free 
coppei to give a residue of copper oxide The decomposition sequence for this 
complex IS 

[Cu(en)(Hp),]S04 [Cu(cn)]S04 + 2H,0 

[Cu(en)]S04 ' ** > CuO + decomposition products 

1 he decomposition of [Cu(pn)2]S()4 (hig 1/D) and [Cu(tm)2]S04 (Fig I/D) was 
similar to that described for [Cu(en)JSO, except that the decomposition temperatures 
were somewhat lower The minimum weight-loss temperatures were 250° and 200", 
respectively In compai mg the h/sfaminc) complexes, the order of decreasing thermal 
stability was 

[Cu(en)JSO, - [Cu(pn),]SO, [Cu(tm).]S04. 


Di/Jcn ntuil ihcinial analysis {DTA) studies The DFA curves for the complexes 
are given in Figs 2 and 3 while the corresponding gas evolution (GE) curves are 
given in Figs 3 and 4 



TEMPERATURE *C 

Fig 2 — Differential thermal analysis curves of copper complexes 
A [Cu(en)(HjO)dS04, B [CufpntdSO,. C [Cu(en)dS04, D [Cu(en)3]SO, 

In comparing the DTA and GE curves, any thermal effect which appears in the 
DTA curve that is caused by the evolution of a volatile product will give rise to a GE 
peak also Some thermal effects, such as those due to a phase change of some type or a 
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rearrangement reaction, m -which a volatile product is not evolved, will not give a GE 
peak Thus, it is possible to distinguish between the various types of reactions found 
in the DTA curve. 

The reactions found in the DTA curves corresponded, of course, to those previously 
found in the TGA curves The complex, [Cu(en)(H20)2]S04 (Fig 2/A), gave an 
endothermic peak with a peak maxima temperature at !50'\ which corresponded to 
the loss of the two co-ordinated waters Beginning at 275°, the ethylenediamine was 
evolved as evidenced by a broad endothermic peak Apparently, the deamination 



Fi(. 3 —Differential thermal analysis and gas evolution curves of rCu(tm)j]SOi 

leaction is not as simple as w-ould be expected since a sharp exothermic peak was 
observed at 285° The origin of this peak is unknown, but from the GE curve it is 
seen that there was a decrease m the GE peak at this temperature This would 
indicate that the origin of this peak is a rearrangement reaction or crystalline tran- 
sition of some type The probable dissociation process involves the initial loss of a 
small amount of ethylenediamine, followed by a solid state rearrangement, then 
further deamination of the rearranged complex to give a residue of copper oxide This 
rather interesting phenomenon was not observed in the his- or ?/is(cthylenediamine) 
complexes due perhaps to simultaneous endothermic reactions 

The compound, [Cu(en)3]S04 (Fig 2/D), gave endothermic peaks at 225° and 260° 
which were due to the evolution of one mole of cthylenediamiucs per mole of complex 
as described under the TGA studies The remaining peaks, at 300 and 350°, respec- 
tively, were probably due to the total disruption of the Methylenediamine) complex 
However, there is no unequivocal evidence that the b«(ethylenediamine) complex is 
formed since the remainder of the DTA is similar but not identical to that obtained for 
[Cu(en)2]S04 (Fig 2/C) Reflectance studies, as will be seen, do not support the 
formation of the b/5 -complex intermediate The bij-(l,2-propanediamine) (Fig 2/B) 


RESPONSE 



838 


W W Wl-NDLANDr 


and 1,3-propanedcamine (Fig 3/B) complexes gave similar DTA curves. Each had 
two endothermic peaks in the 250 350' temperature range 

The simultaneous gas evolution cui\cs showed that except for the exothermic 
peak in the [Cu(cn)( H^O),]SO, DTA curve, all of the DTA peaks were caused by a 



TEMPERATURE 'C 

Fig 4 —Gas evolution curves of copper complexes 
A [Cu(en)(H,0),]S0i, B [Cu(pn),]SO„ C [Cu(cn)dS 04 , D [Cu(en) 3 ]S 04 

reaction involving a gaseous decomposition product There was a slight temperature 
lag between the gas evolution curves and the DTA curves which was caused by the 
diffusion of the gaseous decomposition products through the sample residue before 
being swept through the furnace by the helium gas stream into the thermal conduc- 
tivity detector 

Kinetics of the deaquation of [Cu(en)(H 20 ) 2 ]S 04 The activation energy, Ea, was 
determined for the deaquation reaction 

[Cu(en)(H20)2]S04(s) [Cu(en)]S04(s) + 2H.p(g) 



The thermal decomposition of metal complexes — IV 
by a DTA method This method is based upon the relationship. 
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(d^T\ 

C„(— xAr 

K{A a) -\ CpAT 

as originally derived by Borchardf and Danifis,'-"’ where k is the rate constant, K is 
the constant characteristic of the apparatus, A is the total peak area, Cp is the total 



{y)x io» 

Fki 5 Arrhenius plot for [Cu(en)( HiO)j]SOi 


heat capacity of the reactant or refeicnce material, AT is the differential temperature, t 
IS the time, and a is the area of the peak up to time t Assuming first order reaction 
ki netics and since Cp is normally quite small, the above equation w'ds reduced to*-^ 



Calculations, made on the deaquation peak of [Cu(enXHj 0 ),]S 04 (Fig 2/A), gave 
the Arrhenius plot in Fig 5 The first order reaction kinetics assumption appears to be 
valid in this case as was confirmed by the asymmetry of peak From the slope of 
the curve, an Fa of 29 kcal mole ^ was obtained Although no great accuracy is 
claimed for this value, it docs appear to be reasonable It was not pos.sible to calculate 

H J BoRCHARor and F Danieis, / Amer Chcni Sor 79, 41 (1957) 

'211 V M Padmanablan, S C "Saraiya and A K Sondaram, / Inoi;^ ^llcl Chem 12, 356(1960) 
R P Agarwala and M C Naik, /tna/ir C/nin 24, 128 (1960) 

'■131 w W Wfndianot, / Chem Etiuc 38,571 (1961) 

H E Ki.ssincjFR, /tno/i/ Chem 29,1703 (1957) 




840 


W. W Wendiandt 


£a, for the other reactions because of the presence of multiple peak maximas m their 
DTA curves 

Rcjleclcuice spcLtni stinlics The lellectance curves for the complexes are given in 
Figs 6 and 7 



Fig 6 — Reflectance curves of copper complexes Curves arc of 20% mixtures la 
KjSO, at 25'’, K^SOi as reference 

1 [CufcnlalSOj , 2 [Cu(en)dSO,, 3 [Cu(pn) 2 ]S 04 , 4 [Cu(tnn)j]SO, 

The reflectance curves of the sample-potassium sulphate mixtures, at both ambient 
and elevated temperatures, were characterized by broad peaks These broad peaks, 
plus the limitation of the instrument to the 400-700 m/i range, prevented an accurate 
determination of peak maxima wavelengths However, for the curves in which this 
was possible, the following reflectance curve peak maximas were estimated 

[Cu(en)3]S04, 640 m/r, [Cu(en)2]S04, 580 m//, [Cu(pn)2]S04, 570 wp, and 
[Cu(tm)2]S04, 580 m/r From solution absorption spectra studies, [Cu(en)2]++ has a 
peak at 550 m/i while [Cu(en)3]^+ has a peak at 610 m// 

On heating a 20% [Cu(en)(H2O)2]SO4-80% K2SO4 mixture, the curves m Fig 7 
were obtained It is seen that the reflectance of the peak shifted to higher values as the 

E A Tomic and J L Bernard, Analyt Chem 34, 632 (1962) 
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The thermal decomposition of metal complexes IV 

1 ptTiittire was increased as well as the peak shifting to shorter wavelengths The 
-ils compositional change in the complex was the loss of water and perhaps re- 
'(.cnient of the water by sulphate ions F’rom the curve it is seen that no loss of 
, ordinated water took place below 100 , however, the dehydration process was 
o'liplcted between 150"' and 170° which was in good agreement with the TGA curve. 



Iitj 7 — Reflectance curves of [Cu(cii)(HjO)j)SO,, 20 per cent mixture in KjSO,, at 

elevated temperatures 


Attempts were made to obtain the reflectance curves of [Cu(en) 3 ]S 04 as it was 
heated but they were unsuccessful due to the formation of a brown coloration on the 
surface of the sample Likewise, there was no evidence for the formation of the mono- 
(cthylenediamine) complex when the A/v(cthylened]amine) complex was heated 

General The relationship between the minimum weight-loss temperature and the 
coordinated amine ligand for a number of complexes is given in Fig 8 

It can be seen that the thermal stability of the complexes decreased, with change m 
ligand, m the order en > pn > tm This relationship appears to be a general one 
for a number of complexes containing Cu(II). Co(lll), and Pt(IV) as the central metal 
ions In each case, the complexes contained the same anion since changing the anion 
also has a pronounced elTcct on the thermal stability of the complex Not 

T D Gkorc.e and W W Winulandt, 7 Imui^ NulI C/icm In press 
'■’T D O’Brien and J C Bailar, 7 Amci Chem Soc 67, 18S6 (1945) 

J L Bear and W W Wfndlanot, 7 Inor" NucI C/icm 17,286(1961'! 

''“’W W Wendlandi, Tex 7 Sci 14, 264(1962) 
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LIGAND 

ri() 8 — Rtl.iiioiiship bcKsccn thermal stability and the coordinated amine ligand of 

some metal complexes 

1 [Cii(amine)_]SO,, 2 [Co(amine).CO.,)CI‘’''’, 3 [Co(aminc)i]Clj'“'”, 

4 [Pt(amine)j]Br 4 '-'‘’, 5 [Pt(aminc),]CI,'^'" 

enough information is available, as yet, to correlate the decomposition temperatures of 
the amine complexes with the type of central metal ion present This will have to be 
done with complexes containing the same number of coordinated ligand groups, the 
same central metal ion oxidation state, the same anion, and identical experimental 
conditions 
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Office of Scientihc Research, through Contract No AF AFOSR 23 63 The helpful assistance ol 
T D GroRor and P H Frankf, jr , is gratefully acknowledged 
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THERMAL DECOMPOSITION OF METAL COMPLEXES— V 

SOMh HALOPtNTAMMINFCOBAl.I (III) HALIDE COMPLEXhS'" 

W W Wi Ni>i ANor and J P Sviini 

AhOSR Ccndc f<ir Molecular Research Department ol Chemistry 
Tesas Technological College, I tibbock., Texas 

{Ki( eircti 8 Not enihci 1 962 ) 

Abstract The thcriital itissoeialion of nine halopeiitammineeohalt (III) complexes xsas studied by 
(he techniques ol thermogr.is imetry (//i lutim), dillerential thermal analysis (in helium) and gas 
evolution analysis (in helium) The stoieheiometry ol the dissociation reactions was determined by 
analysis of 'he residues and reaction products Activation energies lor the dissociation of several of 
the complexes were also obtained 

The complexes dissociated by two dirTcrcnt mechanisms (a) those in which the Co(lll) was 
reduced by iodide ion, and (b) tliosc in which the Collll) was reduced by ammonia In the latter 
case ammonium halide <ind nitrogen were also obtained in the reaction produi Is 

I [It thcT mal disbocialion of a number of anionopentamminccobalt (III) complexes has 
previously been studied Flie compounds investigated were [Co(NH3)5Cl]CL from 
the thcimal dissociation of [Co(NH ,),,]CI,,‘’ ” [Co{NH,)-,Nj]Xi, (where X - various 
monovalent and divalent anions),''*’ [Co(NH,)r,(NO_,)](NO,)>.'’’’, foimato- acetato- 
and piopionato-pentamminc cobalt (III) mliates,"'’ and [Co(NH,)-N,](N j); 
Howevei, only m several cases have (he dissoeiation reactions been studied in any 
great detail 

It IS thus the object of this investigation to study the thermal dissociation of 
complexes of the type, [Co(NH,).,Y]Xj, wheic X and Y arc Cl Br" , and I The 
thermal dissocialion reactions were studied by ihermogiavinicTiy (in lacuo), diflcren- 
tial thermal aiialysis-gas evolution analysts (in helium), and by product analysis (in 
helium and /// tamo) 

I XPtRlMEN 1 AL 

I’npaialioii af inclal ruiii/i/ro i (COtNH ,).C 1]C1_ .ind [COiNU |),Br]l)rj were prepared bv 
healing the corrcsponcimg aquopcntamminc-cobalt (111) complexes at 110 tor 4 hr The latter 
compounds were prepared as previously described 

I he [Co(Mll,),l|X. compounds were picjsaicd as previously described [Co(NlI,)vCI]Br. and 
[( o(N)D,Br]Cl, vvcie prepared by treating [Co(NHi).,CljC 1. and [Co(NHd Br)Br. with cold con- 
centrated HBr and HCI, respectively'"” (ColNHal.CIJI. and [CotNUd^Brjl; were prepared bv 
leading [Co(NH,)Cl]CL and [Co(NH,),Br]Br. respectively with a cold saturated solution ol KI 

For Part (IV) sec W W Wfnoi anoi / liwi" Nud (.Jniii 25,811(1961) 

'”W But/, / Anoip Chtm 83.177 (1911) 
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Jheniuihala/HC 1 lie duloiiiaiic recording \acuuni therniobdlance has previously been de- 
scribed Sample si/es ranged in weight from 15-20 mg and were pyrolysed at a furnace heating 
rate of about 5 per min The pressure inside the balance duiing the pyrolysis ranged from 20 to 
40 // The voltage signals corresponding to the temperature and s miple weight were recorded as a 
function of time on a two-pen strip-chart polcntiomctric recorder 

Dif/euntiof iluimat anah evolution appaiaiiis The apparatus has previously been de- 

scribed Sample sizes ranged in weight from 30 40 mg and were pyrolysed in a dynamic helium 
atmosphere at a furnace heating rate of 10 ' per min The voltage signals corresponding to the differ- 
ential temperature and the gas evolution of the sample were recorded as a function of the furnace 
temperature on two X-Y iccoidcrs 

P)iol)sis product cjnal\',is The pyrolysis apparatus consisted of a Vycor tube furnace, a "cold 
finger ’ trap, and a "U ’-tube filled with anhydrous MgfClO,)^ About 200 300 mg of the sample, 
contained in a small tarred porcelain boat, was placed in the tube furnace Pyrolysis of the sample, 
at a heating rate of about 10' per min, was carried out in a slow stream of dry helium gas The 
pyrolysis solids, such as NHjX, were collected on the “cold finger" and identified qualitatively by 
tests for Nlfj and halide ions The liberated iodine, in those compounds containing iodine, which 
was also condensed by the "cold finger”, was dissolved in dilute K1 solution and titrated with standard 
Na^SjOj solution The pyrolysis residue was analysed by (a) direct weighing, (b) heating m air 
and weighing as Co,0,, and (c) dissolving in water, adding an excess of standard AgNO, solution, 
filtering, and back-titrating with a standard KCNS solution From (b) and (c) the ratio, X/Co, was 
determined 

The nitrogen in the pyrolysis products was determined by using a modified Dumas nitrogen method 
in which a portion of the Dumas tube was filled with anhydrous MgfClO,)^ to absorb the evolved 
ammonia Pyrolysis of the sample, at a heating rate of about 10" per min, was carried out in the 
tube in vacuo The evolved ammonia was absorbed on the IVIgfClO,)^ while the nitrogen content 
was determined by flushing the cooled tube with carbon dioxide and collecting the nitrogen over 
KOH in an azotometer The nitrogen m the decomposition gases was also qualitatively detected, 
in separate experiments, by the use of a gas chromatograph and a mass spectrometer 

RESULTS AND DISCUSSION 

Weight-loss studies The weight-loss curves of the hdlopentamminecobalt 
complexes are given in Figs 1 and 2 

(11) -p p) GgoRGE and W W Wendlandt, J Inorg Nutf Chem In press 
(1.) W W Wendlandt, Chim /I eta 27, 309 (1962) 
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\|| of the complexes, except perh.ips [CofNH,).,!]!, and [CofNH^^.Br]!,, decom- 
, 1 i.d 111 a single step as shown by the continuous weight-loss of the compound down 
1 .) I icsidue of CoX.) The order of decieasing thermal stability . along with mininiu m 
,a|n-loss temperatures, was [Co(NH,k,cIjCI_,. 150^ [Co(NH,),CI]Bn,, I38V- 
,1 o(NM,bBr]Cl 2 NO" - [Co(NH,).BrlBi 2 . 100' [ColNUd^lJClj, 50" - [Co(NH, 
j,l, SO’ - [Co(NHj) 5 Br]I., 40’ [CotNH ,),( i]L. 40' [Co(NH,l,l]Br,, 35’ The 



Fic. 1 - Wci£;ht-loss curves for cobalt complcscs m unuo 
“[Co(NH 3 bX)Y, 

A CljCh H BrJCI., C I]C1. D UDr, 


complexes containing iodine, either in the co-ordmation or ionic spheres, were 
certainly the least stable This was perhaps due to the ease of oxidation of the itidide 
ion to free iodine Free iodine was evolved m the leactions as determined by the 
product analysis studies 

Since a single step decomposition reaction was indicated by the w'eight-loss curves, 
the kinetics foi several of the reactions were calculated by the method of Fru man and 




W W WiNDiANDT and J P Smi i h 


K4(i 



[ It. 2 W 1 . i^iit-los-. mivcs foi 1.1. bait (,onipl(.\cs in laino 
[CotNHd.XlV, 

A 111, » CI|Ri. C Hi]Ur. D Br][. 1^ Cl]l. 


Cakroii A sliaiglit line iclationship was only obtained for the complc\cs 
conlaining bromine a nd chloi me These kinetics plots are shown in Fig 3 The order 
ol leaelion and the activation eneigy, in kcal , so obtained were [Co(NH ,)r,CI]- 
(I, 0 7 28, [Co(NH,)-,13r]Br,, 0 9, 21, [Co(NH,)-,CI]Br,, I 2, 21 , and [Co{NH,)r 
Br]CK, I 2, 25 These kinetics data are for the leactions desciibed in the product 
analysis studies The activation energies obtained wcie so similar and involved 
considerable cxpeiimental error that the slight cldTcrcnces obtained could hardly be 
ascii bed to an anion eflect 

An explanation is not known for the poor results obtained for the iodine complexes 
The thermal dissociation reaction for these compounds is probably complicated by 

r S FRLLMANandB CARHoiL.y /’/i/r Cliein 62, 394 (1958) 
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the liberation of free iodine so that several simultaneous reactions arc taking place 
instead of a single reaction 

Difjerenlial llieimal analysis-^as eiolulion studws The differential thermal 
analysis (DTA) curves are given in Fig 4 while the gas evolution (GE) curves arc 
given in Fig 5 



fiCi t — Kindles plots lor the thermal dissociation ol some cobalt comple\i.s 
[C'o(NH,),CI]CI,. [Co(Nn,),CIJBr,, ICo(NH,),Br]CI> [Co(NH,),Br]Br, 

All of the DTA curves were chaiacterized by a large endothermic peak followed 
either by a sniiiller peak or else a shoulder peak The mam dissociation reaction 
probably took place duimg the first endotheimic peak followed by a slower reaction 
such as the sublimation of some of the leaction products, such as NH^X or free 
iodine The decomposition mechanism appears to be dilleient in helium than iii 
Knuo since the weight-loss curves showed a continuous loss m weight It should also 
be obscived that the minimum decomposition tempeialures were higher in helium 
than those obtained by f GA m unuo Two explanations aie offered foi this behav- 
loui (a) a higher heating latc, 10 pei min in helium u/si/v 5 pei mm i/i ukuo, 
and (b) since a gaseous component is evolved, the decomposition lemperatuies aic 
pressure dependent The thermal stability in helium, as detei mined by the minimum 
tempeiature at which A/'deviated fioni the base line, was [Co(NH ^ wheic \ 
and Y are, CI]CI., 205’ Cl]Br,, 190 Bi]CI,, 190 Bi]Bi,, I60' 1]CI,. 

150' IJl,. 145'^' 'l]Bi,, 140 BiJI, 120' Cl]l. 115" 

The gas evolution curves were similai. but inverted, to the DTA cuivcs obtained 
foi a given compound. This indicated that foi all of the endotheimic peaks a gaseous 
prciduct was evolved and tfiat there were no detectable phase tiansitions which did not 
involve a gaseous product Again, the curves indicated that the mam dissociation 
reaction occurred during the first peak 
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I-i(. 4 - Diirttcnli il iherinal analyMS curves of cobalt complcscs in hcluim 

[Co(NH,),XIY, 

-X IJHr. H 1]C1. C CIJI., D Br)!., h ]]!., b BrJBri, C> BrJCIi 
U CIJBr., I CiJC), 

Piodlut analysis stiuhes stouheionwliy of leai lion The results of the product 
dnalyscs arc given in T.ibic 2 

I he data agreed well with the following dissociation reactions 

6[ro(NH,)r,CI]CI, >6CoCK ' 6NH,CI ^ 22NH, + N, 

6[Co(NH,),Cl]Hr^->6CoBr, f 6NH4CI 1 22NHj I N, 

6[Co(NH,),Br]Br^ ^ 6CoBr, ( 6NH,Br | 22NH, t- N3 

6[Co(NHj)5Br]CU - ^6CoCU 1 6NHjBr |- 22NH, (- N, 

and those for complexes containing iodine 

2[Co(NH,),Br]F, ^ CoBr, 1 Coh | I, + lONH^ 

2[Co(NH,),CI]l2->CoCl3 i C0I2 -I y IONH3 

2[Co(NH3)5l]I,-^2Col2 f h h lONH, 

2[Co(NH3),I]Br2~>2CoBr2 f I2 1 lONH, 

2[Co(NH3).l]Cl2->2CICo2 + I2 p IONH3 

The dissociation mechanism is different for these complexes containing iodine, 
mainly from the standpoint of the Coffll) Co(It) reduction In iodine containing 
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FiCi 5 Gas evolution curves of cobalt complexes in helium 
[Co(NH3),X]Y3 

A l]Br 3 , B IJCli, C ClJfj. D Brjl^, F IJI^, F BrlBrj, G BrJClj 
H ClJBri, I Cl]Cli 

Tabie 2 — Product analvsis data for cobalt compuxes 


Sublimate 


Compound 

Residue 

Cobalt, 

X/Co 

— 

— 

NH 3 /C 0 

N./Co 

I/Co 

[Co(NH3)3X]Y3 

Formula 

("„) 


Formula Halide, 









("0) 




Cl]Cl3 

C 0 CI 3 

45 4* 

2 

NH,CI 

66 0 * 

3 59* 

0 169* 




45 38t 



66 28t 

3 671 

0 ]67t 


Cl]Br 3 

CoBrs 

26 9 

2 

NH,C1 

66 0 

3 60 

0 175 




26 94 







BrJBrj 

CoBr^ 

26 9 

2 

NHjBr 

83 0 

3 68 

0 169 







81 58 




Br]Cl 3 

C 0 CI 3 

45 4 

2 

NHjBr 

82 4 

3 64 

0 167 


Br]!, 

ColBr 

22 2 

2 



5 00* 


1 03* 



22 16 




5 t 


1 t 

Cl]l 3 

ColCl 

26 7 

2 



4 97 


1 02 



26 63 







I]Ii 

C0I3 

18 8 

2 



4 75 


1 00 



18 85 







IJBr, 

CoBFj 

27 0 

2 



4 96 


0 98 

I]CI. 

C 0 CI 3 - 

45 4 

2 



4 98 


0 99 


* Experimental values 
T Theoretical values 
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complexes, the iodide ion is the rcduting .igent, foiming Co(ll) and free iodine For 
the othei complexes, ammonia is the reducing agent, going Co(II) halide, ammonium 
halide and niLiogen This lattei case was identical to the lesults found for the 
hexamminccobalt (HI) complexes 

It should cdso be noted that the icsidue foi med alvv.ivs contained the cobalt salt ol 
the halogen in the lom/ation spheic (except foi [C o(N H d-X JF, X Cl Br) while the 
ammonium halide contained the h.ilogeii liom the co-oidmation sphcie of the 
complex 

t( /< incfii Itiis uoik w.is Mi|i|ioilLd by tl'c US An 1 oilc Ollicc i)t Scicntilic Rcsc.inli 
lliiiiLigli ( DiilMcl No \l 4H(6t,S) 7,S7 

' VV VV WiSDl will / \ii</ ( J)i III In 



Niicl Chcni.l9fiJ Vol 2'i pp 8^1 lt> 857 Pcrgdmon Press 1 Id Printed m Northern Ireland 


PYROLYSIS OF URANIUM COMPOUNDS— I 

URANYL SULPHA fL* 

K J Noi/tjiidH H Jaiii’ 

Lii\vt.rMly ot ( incinivui, C incinnau 21, Ohui 

( Rvit n cd hd\ l%2, in n-i i^'i/ fonu 2 lunnai v lOfii) 

Wistrdtl \ he pyrolysis til 3H,0 slutiied by rneiiiis tb\Teren\i.i\ ihci ntal an,\\yMS 

Ai) aud Vherutoj^rawmeVrte analysts (ICiA) Ocbydravion oeeuiTcd tn three steps 'Aiththeeon- 

seetiUvc tenmaiioii elf Uie dihydratc, ihc monohyelraic, ami tinally the anhydrous salt At 755% 
UOjSO, undergoe's an enantiotropic phase Iransitiiin The rate of decomposition of UOjS(7, to 
1 1 ,(), was dcdticcd to be limited by both nuelcalion and growth The rate c\pression lor this reaction, 
111 teinis of milligrams of weight leist per minute pei sc|iiarc meter ol actite surface is rate 
II IO"exp'( 58,600//;/) 

I III sludy of pyrolysis re'dclions by a combination of thermogi avimctnc analysis 
(TGA) and diffcicntial ihoinial analysis (DTA) has gained widespread usage because 
ol the etficaey of the e'ombincd methods Application of this technique to the pyro- 
lysis of uraiiyl sulphate trihydrate was elTectivc in determining the various reactions 
which occur In addition, the theimal decomposition of the anhydrous salt provided 
an interesting study m heterogeneous kinetics 

Pn’pcinition of UOjSO, ifUO and UO^SO^ 

Uranyl sulphate crystallizes from aqueous solution as the trihydrate UO^SO, 3H_,0, 
at ordinaiy temperatures Ihc dihydiate and monohydrate are also known ''.-*.3) 
Two ciystalline forms of the trihydrate have been reported. but apparently only 
one of these foi ms is stable when the crystals aic grown under equilibrium conditions 
A 3i hydrate has also been reported 

Uranyl sulphate hydrate (C H Sargent, CP), nominally the trihydiate but 
actually containing only 2 65 moles of water, was used as the starting material 
Rccrystallization from aqueous solution yielded a nearly stoicheiometric trihydrate 
(2 98 moles of water) The X-ray dilfraction pattern of this material agreed with 
published data"’'"* foi orthoihombie UO^SO, 3HjO 

Anhydrous uranyl sulphate was prepared by calcining pulveiized trihydiate to 
constant weight at 500" The weight loss obscived coi responded to foimalion of 
UO.SO^ Analyses for uianium (by calcination to U^O^ in two steps — (irst at900\ 

* Based on a thesis submitted to the Giaduatc School of Arts anti Sciences of the Unieersitv of 
Cincinnati in partial fulhilinent ot the requirements for the degree of Master of Science in Chemistry 
t Present address University ol Miami, CTiral Gables 46, Honda 

C H SrtoY.y Anu! Chem Soc 70, t450(1948) 

'■'A CtviANi Bull Soc chut} 43, 754(1928) 

L Llvsuin and G D ShpriufiTv, J L'\pr/ Ihccn Ph\\ (U55/?), 17, 204 (1947) 

B f Gordon and A M Dfnisov, t/A/o/n hhini Zhm 19,368 (1951) 

’ H W Dunn, U S A E C Report ORNL 20>2 (1956) 

R J Traill, zl//i<’i Mi/mo/ngM/, 37, 394 (1952) 
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«2rfU^rart''' ""j***" reported, are'listed i7TabirrThe''fuV ' 

«W» Of Hus sample was determined as 0 81 m»/g by the BET method 
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Tabi I 
Radiation 
Diffractometer 


Rct. order 


1 — DttFRACTION data FOR a-UOjSOj 
CuA^i. Nickel-tiltcred 
1 Docrgencc and scatter slits 
0 tX).^ Ill Reccising slit 
J inin Scaiininn speed 
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10 
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5 

56 5 
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Fio 1 — DTA of UO2SO, 3H,0 
Differential thermal analysis {DTA) 

DTA was performed with a commercial unit, the Delta therm (Technical Equipment 
Corp , Denver) Precalcined alumina was used both as a reference material and as a 
sample diluent A heating rate of I07min and a recording sensitivity of 5°/tn were 
employed 

A DTA trace of UO 2 SO 4 3 H 2 O is shown in Fig 1 The recording shows three low 
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jiLiature endotherms, at 100 , 210 and 520’’, a rather sharp transition at 755'^, and 
i.js cndotherm at 825° It will be shown that these thermal effects are due to 
wise loss of hydrate water, with the successive formation of UO^SO^IH^O, 
H/J, and U 0 jjS 04 , an enantiotropic phase transition of UO^SO, at 755', 
„l iiii.illy decomposition to UjO^ 


TO 1 (' 



'I he decomposition gases gi\en off during pyrolysis were analysed by a thermal 
method based on a principle suggested by Di RE Grim The gases were passed 
through absorbers which w'ould selectively absorb H>0 (concentrated H^S 04 ) and 
oxygen (alkaline pyrogaliol), with a resultant temperature change as a consequence of 
the absoiption Oxygen absorption was used to detect loss of sulphate since this 
decomposition would yield either SO^ plus oxygen or SO, which would m turn 
decompose because of the SO, SO> + lO, equilibrium, thus forming some oxygen 
The apparatus used is shown m Fig 2 The outputs from the thermocouples were fed 
to the recorder part of the Deltatherm The lecordmg obtained was similar to a 
conventional DTA tiace The sulphuric acid .ibsorbcr gave three exothermic peaks at 
1 10, 200 and 300, due to the evolution of water m three steps The areas under each 
peak were approximately equal, indicating that equal quantities of water are lost in 
each step The oxygen absoiber showed only a single exotherm, at about 780 suggest- 
ing that sulphate decomposition occurred as a single reaction 

Tlicrmogiai imefric analysis {TGA) 

The automatic recording thcrmobalance used for TGA, and also for the kinetic 
work, has been described previously Piogramnied temperatures were obtained by 
means of a gear-driven tiansforiner A heating rate of 3 ’C per minute was employed 
The reaction tube was constantly flushed with helium during a run 

The TGA cuive obtained vciificd the stepwise loss of each mole of water of 
hydration, with the successive formation of the dihydratc, the monohydrate, and the 
anhydrous salt These reactions occuried at about 100, 200 and 3tX), respectively 
The intervening plateaus coincided with the calculated w'eights (or the coriesponding 
products 


K J Not z and M G Mknuli, / Inoi" Nik/ C/icm 14 , 55(1960) 
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Anhydrous uranyl sulphate was stable to about 600, then decomposed at a gradu- 
ally increasing rate, hnally yielding DjOf, at about 760 The reaction obviousK 
occurred in one step, in agreement with the oxygen absorption expeiimcnt This then 
indicated that of the two DTA endotherms at 7s5 and 825, one must be due to a phase 
transition 



Pu, 1 DilKrtnlial cooling (.iMvcs ()| UO.SO, 

Fliase Ininsilioi! 

Figuie 3 shows two difleientuil cooling ciiivcs (eiirvcs B and C) along with a 
conventional DTA tiacc (cuivc A) In the case of cuives B and C , the heatei power 
was tinned ofl at the point indicated, and lecoiding was continued while these samples 
cooled Both of these curves weie obt.iined during a single i un by utilizing two sample 
wells and two channels ol the Deltatheim 

Sample B was a conventionally diluted sample, as was sample A However, 
sample C was not diluted Since the thcimal eliccts vveie endothermic, the greater 
cjiiantity of material present in the C well caused curve C to lag behind curves A and B 
This permitted lui ning ofl the heater at a point where sample B had al most completed 
the second endothei m. but sample C had just completed the fiist endotherm Cooling 
curve B, where both endotherms had occurred, showed no thermal effects on cooling 
However, curve C. where only the first endothei m had occurred, exhibited a single 
exotherm on cooling This shows conclusively that the endotherm at 755 ‘ is due to a 
reversible phase change of UO^SO^, while the second endotherm is due to decomposi- 
tion to U)0^ The difference in decomposition tempeiatures as determined by DTA 
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'’s ) and TGA (about 700") is due to the different ambient atmospheres This 
, ,iU has been discussed previously in greater detail in a note 
1 olloviing standard methods of nomenclature, the low temperature form of 
I iiyl sulphate will be designated as of-UO^SO^ and the high temperature form as 
I OjSOi Similar phase transitions have been noted for any other sulphates 

TaIIII 2 KiSUK Rl'NS 


Icmperaliirc ( C) Reaction rate (mg/min per tOO mg) 


6V) 

6SS 

(>70 

f.S'J 

704 

721 


1 756 
3 0*)! 
5 027 
9 480 
15 21 
25 83 


^,///( In s 

Isothermal r.itc data wcie obtained by introducing a 400 mg sample of anhydrous 
1 O^SO, into the thcrmobalance at the desired lempcialuic Continuous wemhl and 
lunpcratuio lecordings wore started immcdiatclv As soon as temperature equilibrium 
was established and isotheimal contiol attained, the weight chait was marked to 
intliiatc that usable data were being recorded The theoretical weight loss for 
conseision to VJ is 93 6 mg The obscived weight losses calculated from a Wnown 
tare weight, ranged between 92 94 mg, which is within espeiimental civor Yhe shape 
of these euivcs (in the isotheimal regioii) is sigmoidal with an extended linear region 
during the central portion (about 50 mg) ol the reaction Reaction rates for the 
linear region were obtained directly from the recordings, in terms of mg/min per 400 
mg sample 

An atmosphere of flowing helium was used to carry away the gaseous decomposi- 
tion products, SO^, S(9, and O, It was hist determined that a flow-rate of 3 l/min was 
lequircd to msuic fioccksm liom flow-iatc effects This w.is cksne by using flow-iates 
of !, 2, 3 and 4 I/mm at 684 fhe lespcclixc leaction rates obscived weie 5 82 7 9X, 
X 42 and X 44 mg/mm poi 400 mg sample 

Six isotheimal decompositions vseic earned out at Icmpciaturcs ranging between 
639 -721 I he measured leaction rates aie tabulated in Table 2 An Airheniiis plot 
of these data, using least sqiiaics tic.itment, gixcs a \,ilue of 58 6 0 6 kcal/mole 

(one sigma limits) foi the .iclivation eiieigy 

The piobablc latc limiting mechanism foi the dceoinposition may be deduced 
fiom the shape of the weight vs time curves I he sigmoickil cuivcs observed vvith a 
central linear region, may be obtained by assuming that nuclealion and growth occur 
at comparable latcs A quantitative tiealmcnt of suilaee nucication and giowth was 
developed by Johnson and Mini foi giam boundaiy lUiclcMtion m metallurgical 
transformations Then tieatmcnt has been successfully applied to the kinetics ot a 

K J Noi/ and H H Jxiir J 4inci Ccuiinu Sat 4.3,51(1960) 

1 W [)lwinc, and F D Rkhvkdson Tiain ftniuhn Sm 55,611 (I9S9) 

R M Gruvcr / inid (diimit Sot 34,3S((|9S1) 

F C Sntillitiniiaii I’h) •tiiiil Itihlis (9th Rev td) Tables 124 pp 126 129(19s4) 

W A Johnson and R F Muil 7iii/i\ Am lint Munni; ami Mi l Aapap 1.35,416(1939) 



856 


K J Norz and H H Jaffe’ 


gas-solid reaction by Aronson ct Because the equations are algebraically 

complex, loiiNSON and Mmi plotted a series of turves which could be compared with 
experimental data 

A complete comparison of the uranyl sulphate decomposition curves with the 
Johnson and Miiii turves is not possible since the first part of the decomposition 
tunes IS missing due to the time lag btloie isothermal control is attained However, a 
comparison with that part of the curve uhich is valid shows good agreement with 
those turves which have a A ot I -25, tor rcspontling to I 1-80 nuclei per particle The 
extended linear portions of the tuives are due to a constant active surface area at 
which reaction is occurring Since tlie surface aiea of the staitmg UO,SO^ was 0 81 
m-/g, the area of the active suiface dining the period of constant rate is estimated as 
0 6 m-/g Thus the i.itc data given in Table 2 in tei ms of a 400 mg sample could more 
aptly be stated in terms of an active aiea of approximately 0 25 m“, since active area is 
the basic parameter 

The initial, accelerating poition of the leaction repiescnts a period of nucleation 
rate control when only part of the total uianyl sulphate surlacc has become active 
The final, decelcKiting part of the decomposition is caused by growth rate control, 
since <ill the surface is active, but the total surface is decreasing 

Suiface areas obtained on the products at 655 and 721'' provide supporting 
data for the nucleation and growth rate model, particularly so since the volume change 
factor on decomposition also favours a non-ditfusion limited rate model In studying 
metal oxidation, PiitiNii and Bfoworih"'’* found that a protective film of metal 
oxide was formed only if the molar volume latio of product oxide to base metal was in 
the lange 0 8-14 This of couisc would cause the oxidation rate to be dilTusion 
limited In the present case, the molar volume ratio of (density 8 3.J g/cin^) 

to IJOoSO, (density 4 88 g/cm'’) is 0 45, small enough to postulate physical disrup- 
tion of the UjO,^ layci This was verified by the suiface areas obtained for two U/)., 
decomposition products 8 7 m-/g (reacted at 655') and 7 2 m“/g (reacted at 721 ') 
In fact, the large increase in surface area (UO.SOj was 0 81 m“/g) shows that extensive 
disruption of the particles actually occurred Thus dilTusion of the decomposition 
gases away fiom the reaction sites would not be a rate limiting factor The lowei 
U,0^ surface area obtained at the higher temperature is due to sintering of the 
which IS known to occur above 600’ 

The rate law for the decomposition of UO,SOj may be expressed as 

Rate (mg/min) e\p (^Lj RT) 

for decomposition in an inert atmosphere The activation energy has been determined 
as 58 6 kcal/mole The active surface, S, has been shown to be a function of tune or 
degree of reaction In the present case, it was estimated as 0 25 m''^ during the linear 
portion of the reaction It is also a function of particle size, since the relative impor- 
tance of nucleation rate decreases as particle size increases For the extreme case where 
surface nucleation is complete before over-all conversion is very far advanced (i e , 
very large particles), decomposition will follow the phase-boundary rate law On the 
other extreme, where conversion of a particle is complete shortly after nucleation 

S Aronson, R B Roof, Jr and J Belle, 4 Chain Phys 27, 137 (1957) 

111 ) N B Pilling and R E Bedworth, 2 Inst Afe/a/s 29, 552 (1923) 
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(i c , very small particles), a first-order rate will be observed In cither case, the above 
rate expression is still valid since it refers only to active, i e , nucleated surface 
Hvaluation of the proportionality constant, r, leads to 

Rate - II 10"exp( 58,600//?7') 

where the rate is given in mg of weight lost per minute per square metre of active 
surface 

Acknowledgement — The authors are thankful to the National Lead Company of Ohio lor their 
generous cooperation 
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THE REACTION OF SILVER OXIDES WITH POTASSIUM 

HYDROXIDE 

T P Dirksi, I, A Vandir Luor and H Schnydhrs 

Dcp<irtmi.nt ol Chemistry, Calvin Colleitc, firand Rapids 6, Michigan 
( Recen eil ^ Jamun \ 1 963) 

Abstract — The dissolution of silver ovidcs in aqueous potassium hydroxide solutions has been 
lollowcd by detci mining solubility and by obscrsing the changes in potential of a siKcr electrode in 
such solutions The effect ot solubility with time has been studied and the identity of the black 
decomposition product has been determined The extent to which silver oxides dissolve in aqueous 
potassium hydroxide is detcimined by several reactions 

This problem arises in the observatican that AgT) and AgO have approximately equal 
solubililics 111 KOH solutions at 25 C This seems to violate a gencuil rule that two 
compounds having a given element in common and in difTcrent oxidation states have 
different solubilities The similarity in solubilities suggests that perhaps the same 
solute species exists in both cases 

Ami 11 and Rllisc ih*-' attacked this problem by measuiing the diffusion currents 
at a rotating Pt electrode in solutions prepared by dissolving Ag,0 and AgO in 
aqueous KOH The same diffusion currents were obtained in each case showing that 
the same ionic species is present rcgaidlcss of which oxide of silvei is dissolved m 
the KOH solutions These mvestigatois suggested that the AgO decomposes to a form 
of the monovalent silver They determined the rate of this decomposition of AgO in 
KOH solutions by measurement of oxygen evolution Pllskov using rotating An 
and Pt electrodes, also showed that the divalent silver ions are unstable in alkaline 
solutions 

Several questions still remain, however Such questions are (I) is AgO soluble 
at all in alkaline solutions'’ (2) docs AgO dissolve and then decompose in solution to 
fivrih an ion containing Ag in the oxidation state of one'’ (3) is the ion containing 
monovalent silver stable in KOH solutions’’ The puiposc of this work was to attempt 
to cast some light on these questions 

rXPbRlMl NTAL 

Two kinds of measurements were made (a) the scilubility of AgjO and AgO m KOH solutions 
and (b) the change in potential of a Ag electrode dipped into a 1 N KOH solution m which silver 
oxides were being dissolved This was done at 5 and at 27 C 

The solubilities of the silver oxides were measured by Hcatmg the KOH solutions with excess 
oxide, bltcnng the solutions through a tine I’yrcx glass tut and titrating the hltcred solutions polcm- 
lomctrically with KI to determine silvei content " " Commercially available silver oxides were used 
The solubilities were determined about an hciui after the oxide was added and also over a period ot 
months 

The potential of the Ag wire clcclrcsde was measured against a HgO/Hg reference electicsdc with 

T P Dirksi and B WiiRs.y hleilioihcni Soc 106, 284 ( 1 9‘i4) 

R b Amlif and P RuFTsriii.y LleditHhem Soc 108,813(1961) 

Yu V Plfskov, Dok! Akad Naiik SSSR 1 17, 64*) ( 1 957) 

H b Johnston, F Cuta, A B CiARKFri.J Ama k Iicin 'ioc 55,2311 (1933) 
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) N KOI I being used ihruughout The KOI! solution was sliried magnetieally while a constant 
stieam of N_ passed cnei the surfaee of it The voltage of this eell was measured by a General Radio 
Mode I I230A DC t leelromele r using an input inipcdanee of 10" 12 This electrometer also supplied a 
signal loan I it N Model II leeordei which gave a continuous record of the voltage changes in the 
cell 1 he voltage was lecoided loi about an hour before and after the addition of the silver oxides 
Aftei the mil the solution w is hiteied tluough a flitted (fine) glass ciueiblc and then analysed lor 
dissolved silver is de^eribevl above 


RhSUL 1 S 

rile re’stills of Ihc vollaue tneasuiemcnls aie‘ shown on Fig I Only that pait of 
tile leeoitl is given vv hteli shows the ellcet of adding silve'r oxides to the KOH solution 
The values lor (he molaiily of' the silvei given in each panel is that detei mined 
immediately after the lun was leimmated 

The \ oltage of the e'cll i ises immediately after the oxides have been added and soon 
levels oil, approaehing a value of approximately 250 mV for the cell The same 
limiting value is approaehed at both tempciatuies and for both Ag^O and AgO It is 
the same value obtained by If ami k anti for the cell 

Hg, HgO I NaOH (aq) | Agp, Ag 

In oidei to inteipiet these lesiilts it is fust of all necessaiy to know' whether the 
voltage is detei mined by the natiiie and eonecntration of the solute species and/or by 
the naluie ot the silver eleetiode To elai ily this point the potential of a clean Ag wire 
electrode was measured against a HgO/Hg reference electrode m thiee diO’ercnt solu- 
tions These solutions weie all 1 N KOI I To the first Ag^O had been added and the 
Ag concentration was 9 10 ’ M To the second AgO had been added and the Ag 

concentration was also 9 10 M Both of these solutions were unsaturated with 

lespect to AgjO at room temperatute The third solution was plain KOH The 
measured voltage was approximately the same in each case (about 240 mV) and de- 
creased gradually over a peiiod of 16 hr to about 1 60 mV The fact that the Ag eleetiode 
behaved similarly m each case shows that the potential of the Ag wire was not detei- 
mined by the dissolved silvci species in these solutions Further evidence of this lies 
m the fact that the voltages shown in Fig 1 rise, fust rapidly, then slowly, as soon as 
the oxide is added, but do not go through a maximum as the solubility values do 
Although aqueous KOH solutions of both Ag>0 and AgO contain, at least to some 
extent, the same solute species, these species aie not, in this experiment, potential 
determining for the silver electrode 

It appears then that the voltages given m Fig 1 are for the Ag.^O/Ag electrode and 
not for a metal-ion electrode, e g , Ag(OH ).2 /Ag This is so even though the type and 
concentration of dissolved silver-containing ion is the same whether AgO or Ag20 is 
added to the KOH solution In fact, the formation of the Ag^O/Ag eleetiode is 
undoubtedly related to this phenomenon Apparently Ag^O is deposited on the Ag 
electrode to give an Ag^O/Ag electrode, and thus the voltage reported by Hamer and 
Craig 

This IS more readily explained when note is taken of the results of solubility 
determinations. Table 1 In each case the silver oxide solubility goes through a maxi- 
mum and then decreases, the concentration after a week being less than after an hour 
Although the results m Table 1 give solubilities only after I hr and after one week, 

W J Hamfr and D N Craig, / Electroihem Soc 104,206 (1957) 
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Other measurements have shown that the decrease in solubility is noted within a few 
hours The best interpretation seems to be that the dissolution process is due to 
a reaction of the oxides with the KOH After an induction period other processes 



Fici 1 - Change in potential of Ag wire immersed m 1 N KOH (a) Ag^O added at 
27 C, (b) Agb added at 27' C, “(c) Ag.O added at 5 C, (d) AgO added at 5 C 

Table 1 — Conclniraiion oi- siixnt oviols in 1 N 
KOH ( 10') 



Ag,0 


AgO 


After 

After 

After 

Alter 

Temp 

1 hr 1 vicck 

1 hr 

1 week 

5 C 

1 19 

09 

I 3 

0 88 

27"C 

2 17 

1 7 

2 48 

1 72 


H P Gri-ook, N Nakajima, D H Goio t M Lonii , G K HorsriiiiF, R Dogan A Stiid\ 
of the application of Ion I \than!;c to Elecliu Battened, Report of M August 1954 on Contract No 
NObs-62383, Polytechnic Institute of Biooklyn, Brooklyn, N Y 
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may take place wliicli tend to icducc the solubility giving rise, after a time lag, to an 
appal ent equilibriuni eoneeiilration Lquations (I) and (2) represent possible 
pioeesses loi Ag,0 

AgX) H,0 , 20H 2Ag(OH), (I) 

2Ag(On)_. Agp i 11/) I 20H- (2) 

The Ag/) fioin reaction (2) may deposit on the Ag wire thus producing the Ag^O/Ag 
electrode [he deciease in solubility is also due to reaction (9), to be discussed later 

Wiili AgO the solubility reaches a higher maximum than with Ag^O, Table T 
1 qualions (d) and (4) and (2) rcpiescnt the possible reactions here 

Ago , H/) I OH Ag(OH), (3) 

2Ag(OH), 2Ag(OH)^ i H,0 + (4) 

On I ig I the lime lapse bcfoic the voltage begins to level off is roughly the same 
in <ill cases noted there, about 3 to 4 minutes This suggests that the same piocess 
could be lesponsible for this change in each instance This would be reaction (2) If 
this IS so then icaction (4) would appeal to be lapid m comparison Yet Ami it and 
Ri use lid-* lound this to be a lelatively slow reaction It the reactions postulated thus 
tai are coriect then they wcie making ineasuicments on reaction (4) It is likely, 
however, that m oui cxpeiiments the Ag electrode served to catalyse reaction (4) 
Anolhei possibility is that the silver clecliode reacts directly with the AgO as follows 

Ago 4- Ag ^ AgP 

or Ag(OH), i Ag Ag^O | H,0 | OH 
This reaction has been noted earlier -* 

In any event, the Ag electrode is undoubtedly involved, directly or indirectly, m 
reaction with the silvei oxides and this may give rise to phenomena that do not occur 
when no electrode, Ag or any other, is piesent Foi this reason, evidence based on 
solubilities IS consideied to be more tiustworthy 

Such measurements show that the peak solubility is gi eater when AgO is added 
than when Ag^O is added to the KOH solution This indicates that AgO is soluble in 
the KOH solutions and that its solubility is greater than that of Ag^O, m accord with 
the general rule for the relative solubilities of oxides of a given metal in dillerent 
valence states This is followed by other pioeesses which reduce the amount of dis- 
solved material Reaction (4) is one such process,*-* and thus the solubilities of the 
two oxides, AgiO and AgO, appear to be the same m KOH solutions after equilibrium 
has been reached This is true at 5 C as well as at room temperature 

The fact that the solubility of the silver oxides m 1 N KOH solutions vanes with 
time suggested a more extensive study of this time factor Samples of AgjO and AgO 
were added to 1 N KOH solutions Half of these were kept where they would be 
exposed to daylight and the others were kept in the daik Samples were removed, 
filtered as before and analysed for dissolved silver content In some cases a solution 
was filtered and then allowed to stand for some time It was then filtered again before 
analysis AH this was done at room temperature, about 22'"C 

The results of this work arc shown on Fig 2 The solutions in which an excess of 
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undissoJved oxide was always present show about the same solubility, with the ex- 
ception of the solution containing excess AgjO and exposed to daylight Here the 
solubility gradually decreased with time For the other solutions there was little 
variation with time 



Fiti 2 Variation of solubility ot silver oxides iii 1 N KOH wilh lime open ciiclcs, 
excess undissoivcd oxide piescnt, closed circles, no excess iindissoKcd oxide prcscnl 
panel (a) AgO, mixture kept in the dark, panel (b) AgO, mixture exposed to daylight 
panel (e) Ag^O, mixttiie kept in the dark , panel (d) AgX) mixture exposed to daylight 


The fact that the results in Fig 2 show a somewhat did'crent trend than those tn 
Table 1 can be accounted fot by the difference in stirring piocedure For the results 
reported in Table 1 the mixtures were stirred continuously throughout the entne lun 
For the mixtures reported m Fig 2, however, the stirring was not continuous Here 
the solutions were shaken by hand each day This undoubtedly prevented complete 
equilibrium from being attained during the first few hours This is especially ti ue w hen 
as noted below, reactions arc taking place constantly in these solutions 

Filtered solutions, i e , apparently satuiated solutions which were allowed to stand 
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without an excess of undissolved oxide present, showed gradual decrease in solubility 
over a peiiod of tune This was true of all solutions and seemed to be independent of 
photo edeets This agrees w ith obseivations made during this series of runs as well as 
in othei but similar situations The obseixation is that filtered solutions of silvei 
oxides 111 aqueous KOH giadually lorm a finely divided black deposit If this is 
iiltered olT and the solution allowed to stand, more black deposit will be formed in 
lime 

Samples of the black deposit xxeie collected from solutions of Ag,0 in 7 N KOH 
and subjected to X-ray analysis The only lines obtained m the ditfraction pattern 
were those ol metallic siKei The three most intense lines of the silver X-ray diffrac- 
tion pattern xseic picscnt m each case T Inis the formation of the fine black deposit 
IS a result of fuithci iiitciaction of the silxer species with the electrolyte to form 
metallic sihci This siKei could be formed by the leduction of the oxide as follows 

Ag.O ; Hd) i 2c 2Ag ' 2()H - i 0 34 V (5) 

and 

2011 2c , UK f HP /:' -0 40 V (6) 

This reaction, howevei, is not a spontaneous reaction and hence it is unlikely that 
this IS the means by which the black deposit is formed The metallic silver may also 
be formed by reduction of the dissolved silvci-contaming ion 

2Ag(OH)., ' 2e - 2Ag 1 40H £ [0 78 V (7) 

and 

20H -- 2c 1 1 HP L~’ 0 40 V (8) 

S'" for reaction (7) has been calculated using the fiee energy of formation of 
AgfOH)^ The reduction of AglOH)^ to Ag is thermodynamically spontaneous 
by the above mechanism 

It IS known that the dissolved silver-containing ton is the same whether AgO oi 
AgP has been dissolved in the KOH The nature of this ion has not, howevci 
been resolved completely The data of Johnston, ct of,''** on the solubility of Ag,0 
in somewhat dilute alkaline solutions indicates AgO~ or Ag(OH).j^ Pltskov and 
Kahanov*’’ used more concentrated solutions of KOH for determining the solubility 
of Ag,0 and concluded that the species is AgP(OH )2 Attempts by others to verily 
this work led to the conclusion that no polynuclear argentate is formed but rather 
Ag(OH)2- 

Assuming that the dissolved species is Ag(OH), ' it appears then that this under- 
goes a slow reaction with the electrolyte giving an over-all reaction as follows 

2Ag(OH)2 = = 2Ag + \0, 1 HP -f 20H - (9) 

This can account for the continued decrease of dissolved silver species in filtered KOH 
solutions that arc supposedly saturated with silver oxides This black deposit of Ait 
has been observed especially on the inside of polyethylene bottles in which such 
solutions have been stored This reaction proceeds continually and only when excess 
'’'Yu V Pleskov and B N Kabanov, Z/i Neoiir Kliini 2, 1807 (1957) 

"" P J Antikainh-n, S Hietanln, L G Sillen, U S Dept Comm , Office of Tech Scrv , i’B 
Report 145,613, 11 pp (1959) 
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undissolved oxides are present docs the dissolved silver content remain constant, 
because then some of the undissolved oxide can replace that lost by reaction (9) 

The solubility, then, of the silver oxides in KOH solutions is the net result of 
several reactions, eg, reactions (1) (4), (7) and (8) The values for silver content 
obtained on analysis will be determined by the relative extents to which these various 
reactions have taken place Further studies of the factors which affect the rate of 
reaction (9) are in progress 

Acknowlcilgemenls — The authors wish to express thtir thanks and appreciation to the Office of Naval 
Research for a grant in support of this work, and to the M Ames Chemical Works, Inc for supplying 
the oxides 
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THE ANION EXCHANGE OF METAL COMPLEXES -XIL*» 

THL CADMIUM AND MERCURY — HALIDE SYSTEMS 

V MARt i.s and I Eiit/tk 

Radiochemi'ilry Ilcpanmcnt, Israel Atomic P nergy Commission, 

Sorcq Research Establishment Rchovolh, Israel 

( Rcceii ( (/ 20 Nocemhd 1 962) 

Abstract -The distribution of trace cadiuin and mercury ions between Dowcx-I strong base anion 
exchanger, and solutions of hydrochloric acid, lithium chloride and bromide and sodium chloride, 
bromide and iodide has been measured Resin ligand activity functions for these clcctroly tc-resin 
systems were obtained and used to show that the predominant complex species in both solution and 
resin, over the halide concentration range one M to saturation is the tel lahalidc Only in hydrochlciric 
acid (but not in hydrobromic acid) is there evidence for other species which may he the tindissociated 
acids, as suggested in the literature The results for the either electrolytes indicate the validity of the 
cITcctivc ligand activity concept also in hrcsmidc and iodide solutions 

As already often pointed out'- anion exchange separations of nielal tons have been 
mainly confined to chloride solutions, and little cllort has been spent on investigating 
solutions of the heavier halides In some cases, it has shovvn'^' that better separations 
aie possible in bromide than in chloride solutions In ordei to apply the anion 
exchange method of studying metal complex formation*^' to bromide and iodide 
solutions, information on the ligand activity in the resin is required This may be done 
conveniently by measuimg the distiibution of a stable anion '* It should also be 
piohtablc to test the applicability of the concept of an effective ligand activity 
a my . discussed fully foi chloride as ligand also to bromide and iodide 
solutions 

While the cadmium chloiidc system has already been studied m detail,*'’* the 
inlormation on the bromide and iodide systems is veiy scant A number of workeis 
noted the strong absorption of cadmium from iodide solutions'' "** and a few dis- 
liibudon data were given by Fronai os*''’ for these and for bromide solutions A 
piehmmaiy evaluation of the latter data'^’ showed fair agreement with published 
complex formation constants The absoiption of meiciiry from hydrochloric and 
hydiobromic acids has been measured,''* "* but the very small scale diagiams in which 

Previous paper in senes I Euizir and \ Marcos (XI Application of ihe constani ionic 
medium method to the mercury halide s\ stem ) J Inoi:,' A'c«/ Climi In Picss 
K A Kraus and F Ni i son i S T M S/hi Tk/i Pub! No I9S(I958) 

'“'T Andfrson anct A Bvi Knuisin AclaCImii Seam/ 16, 849 (1962) 

Y Marcus and C D Corviii, W«// //e'' Coiiru /\nul 8 A. 1 (1959) (Pait I) 

‘ ’Y Marcus and D Mavoan,^ P/tw Chem In picw (Part V/III) 

Y Marcus,^ Ph\s Chem 63, 1000 (1959), (Part 111) 

'"'I LEorN, 5i c/ivA /vc/n Tulsi 64,145 (1952) 

S Tronaeus, Kem Tu/sr 65, I (I95t) 

"" R E BAC.oorandR O W WitirooKS Ana/\\t 80, 5S(19S5) 

S Kallmann, H Ori rhiin and R I in Anal\i Chem 30, 1 846 ( 1 8S9) 

"" K A Kraus and F NrtsoN, Piocet(hiif;\ of the iiucinalional Coiifeieiice on l/ie Peaceful Uses 
Atomic r.neigv, Geiieia 1955, 7, p 1 13 United Nations, (1956) 
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the data ha\e been presented piccludes quantitative evaluation More useful 
distiibutiun data have recently been published by MizUMAtitd^*’' for solutions ol 
hydrocliloiie acid, lithium chloiide and mixtuies of the two 

The present woik concerns the distribution of mercury and cadmium tracers 
between nowe\-l strongly basic' anion exchanger m the appropiiatc halide form and 
solutions of hydiochloiic acid, lithium chloride and bromide, and sodium chloride, 
bromide and iodide The disti ibution of iodide and perrhenate tracers between the 
resin and sodium biomide and iodide solutions icspectively, has also been measured 
In con)unction with previously published data for /me chloride*^’ and bromide, 
and cadmium chloride"'* the anion exchange behaviour of the three II B group elements 
/me, cadmium and mercury is compared for the three halides 

txnr RIMhN FAL 

Mu/< / /(i/s The follow ing r,iclioactisc tr.icci s were used obtained Irom Oak Ridge National 

1 aboialory in nitrate solution, " Cd (54 hr) as oxide and "’“Re (91 hr) as ammonium perrhenate, 
obtained from Israel Research Rcactoi, and ”‘1, obtained cai ricr-free from the Commissariat de 
Fbnenque Xtomique All tiaccrs were used at 10 '-10 * M, so that resin loading was usually less 
than 1 per cent and always less than 3 pei cent I he resm was 13owex-l 10. A G Irom Bio Rad, 
and all othcrchcinicals were of analytical reagent grade The resm was treated and converted into the 
appropriate hahde form <is described belore'" No distribution measurements were made with 
bydrobromic acid and hydroiodic acid solutions because of rapid tixidation on contact with the resm, 
and of the strong interaction ol bromine and iodine with the icsin 

MeOunh Distribution mcasurtnicntswcrcmadeby batchequilibrations.asdescnbed previously "i 
1 he continuous circulation method' ' could not be used lor bromide and iodide solutions because of a 
too slow late ot equilibration, already predicted by Kracis and Nllson 

RbSULTS 

The invasion of the resm has already been measured for hydrochloiic acid,'^^ 
lithium chloride,*’® * sodium chloride,*® and lithium bromide,*” but no data were 
available for sodium bromide and iodide Using a stable anion B such as iodide or 
perrhenate, should, according to Marcus and CoRYtUL,*'” yield values for /"yy, the 
invasion function, where for univalent ions* 

fy, -- log £>,, flog a (1) 

For sodium bromide solutions iodide tracer was used, whereas perrhenate was used 
for sodium iodide solutions The results are shown ill Fig 1 Values for the activity 
coeBIcients of sodium bromide and iodide, required for calculating a, were obtained 
from Robinson and SroM-s,*”” except for high concentrations of sodium iodide, where 
data of Miller and Sheridan*''^’ were used No data were available for high concen- 
trations of sodium bromide and extrapolation of data from below 4 m,*’*” following 

* Marcus and Corylll"’ defined log /)j, I log a log/?/, (at a 1) which differs fiom 

definition (I) by a constant (log /? at a I), while Marcus and Maydan'®' use the resm ligand 
effective activity J, where log tr i loga(ata I), le log a also differs from T), by a constant 

K Mizumachi, y Chem Soc Japan, Pure Chem Sect 83, 61 (1962) 
o” R H Hfrber and J W Irvinl, Jr J Amer Chem Soc 76, 987 (1954) 

K A Kraus and G F Moore, T Amer Chem Soc 75, 1457 (1953) 

(15) F Nelson and K A Kraus, 7 Amer Chem Soc 80,4154(1958) 

O'" R A Robinson and R H SxoRts, electrolyte Solutions Butterworth, London (1955) 
o’l M L Milier and C L Sheridan, 7 Ph\s Chem 60,184(1956) 
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the curve for the similar salt sodium thiocyanate, was resorted to The values 
obtained agreed with preliminary data obtained in this laboratory 

The functions Fj for sodium bromide and / for sodium iodide were calculated 
by Equation (1), and are also shown in Fig 1, as well as ^F^ for lithium bromide, 



Fki 1 Dislnbulion coslTicients (log D) and mxasion functions (/ log D log «) 
of stable anions vs clfcctivc ligand ,ictivilies(Iog«) t'RcO, ml iBrtdata fromCiiu''^'). 
OI in NaBr, RcOj in Nal, empty symbols £), lull symbols r — smoothed 
F values, by interpolation, except for liBr where the curse from AsotRsoN and 
KNOisrN'^’ was used, displaced by 2 40 upwards 


displaced upwards by 2 40, which agices faiily well with values calculated from the 
data given by Chu“®’ for perrlienate 

The distribution coefficients foi tracer mcrcuiy and cbloiide solutions are shown 
in Fig 2 The data given by Mi/umac hi"“’ for hydrochloric acid and lithium chloride 
are in good agreement with the piescnt data, as are the rough curves of Krai s”'' and 

J PcNClNtR and Y Marcus, Unpublished work 

B CilU, PhD Thesis, Cornell University (1959) 
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log 0 

Ek, 2 --Distribution cocflicicnts (log />) of mcrciiiy ions i i elTcclivc ligand activities 
(log«) O HCI, '■) , laCI, IiCI"^’, VNaCI #, A. T log 2 log 5 

for HCI, 1 iCI and Natl resp , i log log a for HCI 

of Andcrson'^' (not shown) According to Marc us and Coryfi the distribution 
coefficient for a tracer metal M"' is given by 

log/)M - log Am + pi- - iK* a, (2) 

where is a constant independent <cf«, p is the charge of the anionic resin complex. 
A IS the invasion function or ~), (I* is the stability constant, referred to the 

neutral complex, for the complex with chaige i, and N the coordination number 
The stability of the mercury halide complexes is such^-”* that above IM halide 
X, only MX 4 “ need be taken into account From (1) and (2), 

log /)j, — pF - log AV — 2 log a (3) 

where is a constant, depending on the dehnition of T (whether as Fj„ ,F,^ or a) 
The correct value of p has been selected if a plot of log — ph vs log a gives 

<»»'Y Marcus, C/if/M Stand 11 , 599(1959) 
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li.imht slope 2 00 rei^uired by the charge of the complex m the aqueous 

, jsc Using a value of p 2, and appropriate''’* / values, such a line was indeed 
iiained for lithium and sodium chloride solutions, big 2, while for hydrochloric acid 
I slope at high concentrations was 1 00 This hydn.gen ion effect will be dealt 
ith scpaiatcly below 

\t the lowest chloride concentiations, the data log D^^ IF show a slight 
,V lation, which is due to incomplete loimation of HgClp in the aqueous phase 
\ Misg the value log Is^ 1 OS*-"* for the equilibrium constant for cortverstori of 
\l”C,li to HgC\^“ , completely accounts for this discrepancy 



0 1 00 10 
log a (bronside) log a (iodide) 

I-ic. t —Distribution cocflicic’iilsllog /J) ol Fn. 4 Disiribution c'oelllcicntsdog />) lor 
mercuiy and cadmiinn in bromide solutions mercury anil cadmium in iodide solutions 
vs eficctivc ligand activities (log «) Hg vs eftcctivc ligand ailn ilies (log «) „ Hg 

in NaBr, '7 Hg in 1 iBi, ■ ' Cd in NaBr A , in Nal Cd in Nal A 9 loy D 2F 

T, ©log D - 2/-' for lespcctivc systems, lor rcspeeiive systems siiaiglit lines have 
straight lines have slope 2 00 curves slope 2 00 curves aie ealeui iled 

are calculated 

The lesults for mercury and cadmium tracers and biomidc and iodide solutions 
are shown in Figs 3 and 4 Foi concentrations above IM foi cadmium and all 
concentrations measured for mercury, r.quation (3) applies, with p - 2. using / / and 
from Fig I. for bromide and iodide solutions respectively The dev lations for 
cadmium below IM are explicable by incomplete formation of CdBr^- and Cdl^- 
in the aqueous phase, and published formation constants can be used to correct for 
the deviations The experimental lesuIts at the high distribution cocflieients 
involved, arc, however, insiifficicnlly accuiate for an independent estimation of the 
tormation constants This might probably be accomplished using lesms with lower 
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trosslinlvini;, which should considerably decrease the distribution coefficients for 
resin complexes with p 2 

DISCUSSION 

The principal conclusion fiom the above lesulls is that the effective ligand activity 
a adecjualely dcsciibcs the rcquiicd cjuantities in the mass action law expressions at 
high concentrations This has now been demonstrated for vaiious alkali (lithium, 
sodium, potassium, ammonium, cesium) halide (chloride, bromide, iodide) solutions 
with a variety of tracer anions, with as different structures as iodide, perrhenate, 
tetrachloro/mcate or halomercuiate, both in the present work as m others This 
IS encouraging lor woikers interested in studying formation of weak complexes, 
rcc|uiiing high ligand concentrations 

Anothei point to be noted is that mercury (11) halides may be used in halide 
solutions (except hydrochloiic acid) to determine the invasion function /•, in the same 
way as anions such as iodide or pei rhenate The failure of the measurements in hydio- 
chloric acid to conform to expectation (Fig 2), however, wai rants discussion It is 
interesting, in this context, to compare results in hydrochloric and hydiobromic acid 
wheie, unfoitunately, only the rough data ol Andlrson and Knutscn*^’ arc available 
Combining hciuations ( 1 ) and (3) yields for /? 2 

log — 2 log - const (4) 

This equation is obeyed by meiciiiy in hydrobromic acid, as seen in Table 1 and in 
alkali halide solutions as shown above, but not in hydrochloric acid, where, instead, 
the relationship log — log /)j,, — const is obeyed 

Tahi I 1 Anion fm haniiF oisiribuiion oi mfrclirv (II), coRRrnFD for invasion, for hvoro- 

< HLORIC ANO MVOROBROMIC ACIDS 

HCl HBr 


Molarity log /J,,,, log /7, , log 2 log log log O,,., log /7,|„ 2 log /J„, 


0 5 

1 1 

2 4 

2 7 

0 4 

1 0 

1 I 

2 7 

2 6 

04 

2 0 

1 4 

1 2 

2 3 

0 3 

t 0 

1 5 

0 7 

2 2 

0 4 

4 0 

t 4 

0 6 

2 I 

0 5 

5 0 

I 3 

0 5 

2 0 

0 5 

60 

1 2 

0 5 

1 8 

04 

7 0 

1 2 

0 3 

1 7 

0 4 

8 0 

1 2 

0 I 




A more detailed examination shows that Equation (3) is obeyed by using p ^ I 
for hydrochloric acid, as the slope ()(log D — F)/f) log a has the required value of 2 00 
(Fig 2, half-filled points) This means that whereas m the aqueous phase the pre- 
dominant species IS HgCl 4 ^ as in lithium or sodium chloride solutions, in the resin a 
mononegative complex predominates This is unlikely to be FIgCI, , since this does 
not explain the “hydrogen ion effect”, but it could possibly be FIHgCl 4 ' The same 

' = " Y Marcus and D Maydan, / Phvs Chem In press (Pari IX) 
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spccics has been used by Mi^umachi’*^* to explain his results on the absorption of 
tracer mercury (11) on an anion exchanger from mixed hydrochloric acid lithium 
chloride solutions The preferential association of hydrogen ions with the tetra- 
chloromercurate ions in the resin phase, compared with the aqueous solutions, may 
be explained in terms of the low effective dielectric constant in the former Solid 
chloromercuric acids are well known The non-formation of HHgBr 4 in the resin 
IS presumably due to the greater strength of this acid, analogous with the greater 
slicngth of HBr compaied with HCi 



M ( hoitde) 

Fig 5 — Distribution coefficients (log D) of mercury (filled points), cadmium (half- 
fillcd points) and zinc (empty points) M halide molarity A lithium chloride (published 
data for zinc''’ and cadmium"”), O sodium bromide and V sodium iodide solutions 

A comparison of the anion exchange behaviour of the three IIB group elements 
■iinc, eadmium and mercury in halide solutions, brings out some interesting points 
(Fig 5) The genera! trend of the distribution coefficients IS Djjjj D, ,, - for 
each halide, and Z)(l) > £)(Br) > £)(C1) for mercury and cadmium For zinc there are 

K. Damm and W Weiss, Z Nalurfonch 10 B, 535 (1955) 
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nci data for alkali halides, but (oi (he acids the distiibutioii coefficients are very close, 
with /)(HBr) somewhat lov\ci than /3(HCI) The cadmium distiibution data show 
maxima in lop D\s M (halide) curves, which are displaced towards lower concen- 
tiations the heaxier the halide This behaviour is also obtained with the invasion- 
coiiected cuives and lellecls the incieasinu stability of the halide complexes with the 
atomic luimbei of the halide J here seems to be a good correlation between complex 
stability and the magnitude ot the distribution coetlicients for a senes of closely 
related complexes as those discussed lieie Tlie tiend /or the complexes, however, is 
opposite to that noted for simple anions B such as iodide oi perrhenate, where the 
disti ibution coellicients aic //|,(1) /)|,(Bi) /->u(CI) In this case, the reaction in- 

volves exchange ol B for the halide, which becomes moie dilficult as the affinity of the 
halide loi the lesin mcicascs The dilleicnce in behavioin may indicate that the 
mechanism of the absoiption ot the complexes dc’ies not involve diiect exchange of 
MX,- in solution lor X m the icsin, but lathei absoiption ol neutral MX,, which 
then reacts with X m the icsm the more sliongiy the highei the complex foimation 
constants 

nuHls I he Icchnical dssisuuicc of Mis N Bauman and M iss S Yiisuvki is gratefully 
ackiHiv. Icdgcd 
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THE LEWIS-BASE BEHAVIOUR OF SOME 
HEXA-«-ALKYLAMlNO TRIPHOSPHONITRILES 

T Mori.iFRandS G Kokalis* 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
( Rei eiveil 28 Novemln r 1962) 

Abstract -Intra-red and proton magnetic resonance data indicate that the acidic proton in the 
hcxa-amino triphosphonitrilc hydrohalides, NaP,(NHR)„ HX (X Cl, Br), is bonded to a ring 
imido nitrogen atom rather than to the iing as a whole or to the nitrogen atom of a substituted 
amino gioup Additional Lcicis-base character is shown by the formation in acetonitrile of specihe 
adducts ol thcgcneraltypelM‘'[N,P,(NHR)„},l-' (R n-C,H„ n-C,H,, v 1,2,6, M” Co’', 
Ni-', Cu-' ) ruithcrmore, charge-transfer induced alterations in the visible and ultraviolet spectra 
suggest comparable interaction between the Lewis acid iodine and various hc\a-amino tnphos- 
phcmiti lies 

I’lirLiMiNARY reports*’’'^’ on the tsol.ition of monoliydrochlondcb of the type 
NjPj(NHR)h HCI (R -- ethyl, n-propy), i-propyl, n-butyl, i-butyl) ha\e been verified 
by the characterization of both the n-propyl and n-butyl compounds and the corre- 
sponding hydrobromides These rather distinctive compounds indicate Lewis-base 
behaviour by the he\a-ammo triphosphonitrilcs Other reported examples of this 
general property include 2HF ZH.O,'"*' N,P,CI„ HCIO^,'^* NiP^CIh 2HCIO, "» 

NjP.CIs 3S03,'’'-' N,P,CI, NO,,'-'' N,P,(NHQH5)., HCIO,,'-" HCI'" 

N,P,Cli(NHCIij), HCI04,<" N3P,Cl4(NHC,H4NH,)4 2HCI.'" and [NPfNH^), 
HC2H30,]3 4,'"' On the other hand, spctlrophotometric data give no indication of 
reaction between the trimenc chloride, NtPjClg, and selected transition-metal halides 
as acids in acetone or in the fused state "" 

With the halo phosphonitnles, both the iing imido nitrogen atoms and the 
deloc.ihzed d^-p^ electron system of the ring may serve as potential Lewis-base centres 
fhe amido nitrogen atoms of the substituents provide additional potential centres 
with the amino phosphonitnles 

Although potentiometi ic evaluation of pK^ values for both aqueous and nitro- 
benzene systems suggests both mono- and diprotonation of the iing imino nitrogen 
atoms with the hexa-amino triphosphonitiiles,'-’ definitive evidence that will permit 
decision among the alternatives is in ordei Accordingly, infra-red —and proton 
nuclear magnetic resonance- data have been csbtained for several of the monohydro- 
halides, and interactions with other Lewis acids such as iodine and some dipositivc 

* Louderman Chemical Laboratories, Washington Univeisity St Louis, Mo 

'"S K Rav and R A Shaw, C/iaw unit fm/mli 1173 (1961) 

O FiAKtNS, W A Last and R A Shaw, C/kw amt /nilii\ii 510 (1962) 

"O Schmitz-Dumont and H Kui KrNS, Z 4noii^ Cheni 238 , 1 89 ( 193S) 

H Bodf, K BuiowandG Lifnau, Be/ Dtsch Clwin Ocs 81.S47(I948) 

''A Bfsson .md M RoSsit, C R Aim! So , Puns 143 , 37 ( I90(s) 

"'M BirKF-GoiHRiNCf, H Hoiii nsc hutz and R Apprr, Z Nutiiifonili 9B, 678(1954) 

' 'D B SowFRHY and L F Audriith Bei DImIi Cheni Cet 94.2670(1961) 

B Iakafos, J Bonus and H ArpaH, Afr/^i't/r Ar/n FoI\ 67,374(1961) 
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tiansilioii-mclal mils Iiavs bi.cn examined In Ihis connection, tlie base strengths of the 
halides (NI’Xj), , (X Cl, Bi ) ha\c been compared with those of the hexa-ainino 
deM\ati\es 

1 \PI RIMI-N i At 

\!aitiui/\ 11k iKs.i-aniiiio iiiphiisphonili lies \scic picparctl is previously dcsci ibed,"" except 
Kv I vsi illi/ ilion liom n-licplaiK per in it led then quantitative lecoveiy as the liydiohalidcs Washint; 
with liquid aininoiiia diinelhv lloi niainide' oi walci leinove'd the added hydiogen halide to gicater 
oi Lssei exliiil Ivpieii data desei I bing these syntheses ai e given in Tabic I 


1 Vlll I 1 

Sv N 1 HI 

SIS VNO fltOIM Kill S Ol Nj 

P.INIIR), UK 



t DinpoLind 

V K Id 


Analysis 



Melting 


( 

c 

11 

N 

C'l or Br 

P 

point 






("J 

( C ) 



pci cent 

C’,,) 

("o) 

( 

N,P,[NHtt H ).C H,|„ H( 1 

96 

( .lie 41 57 

9 44 

24 24 

6 82 

17 87 

184 



1 (Viind 41 48 

9 70 

24 20 

6 48 

17 62 


N,P,|Mllt II |_( II, |„ HHi 

lot) 

C ale 38 30 

8 75 

22 3 3 

14 16 

16 46 

154 



1 ound 38 1 1 

8 71 

■S') AS 

13 57 

16 35 


N,IMMI|( II ),C 11, ]„ IK 1 

8 3 

( .ik 47 71 

10 51 

20 87 

5 87 

15 38 

132 



bound )7 78 

10 1 3 

21) 70 

5 66 

1 S 69 


Aiihyvlioux solutions ol 

cobalt (III 

iiKkcd (II) and 

copper ( 

II) peicbloratcs m lelra 

liydrofurai 


(ti ipiv vl 1 st I He'd fiom liihitiin aliiininiutn hydiKletand aceloniii lie (triply distilled Iroin phosphorus (V) 
oxide) weic obtained by metathesis ot .inhydious chloiidc solutions with silver pcrehloutc and 
removal ol the piecipitated silver ehloiide 

\lui\unmciil\ tlectiieal conductivity vv.is measuted at 25 t with an Industrial Instruments 
bridge type R( -I6H at 1000 c,'s, using acetonitiilc solutions contained in a glass-sloppcrcd ceil 
(A 0 147 cm ') All inh i-rcd measuicmcnts were made with a I’cikin LImer Model 21 double- 
beam instrument us'iig a sodium chloiide prism I’roton nuclear magiietie resonance speetia vveie 
obtained with a Varian A60 instrument, opeiating at 60 Me;s with lelramethylsilane as an inteinal 
standard 

Absorption speetia were measured with a Cary Recoiding Quail/ Speeti ophotometcr. Model 
14M using eithei I cm or 5 cm c|uarl/ cells and 0 00! M aeelonitiile or tetrahydroluian solutions 
Inlciaciion between a metal ion and a phosphonitrile was ineheated by maximum .ibsorbaney 
dillerences at particular mole Iraetions of metal ion through application ofJoii s method ot eontmuoiis 
variations ' 

DISCUSSION 

That the hydrogen halide is chemically bonded rather than physically trapped is 
indicated by the fact that the hexa-amino triphosphonitrilc hydrohalides can be 
recrystal lized repeatedly from hot heptane without change m composition On the 
other hand, the hydrogen halide is removed from the crude reaction product by 
washing with hot normal N-dimethylformamide, water or liquid ammonia This 
suggests that the Lewis-base strength of these substances exceeds that of the hexa- 
amino triphosphonitnles Both the immediate reaction of these compounds with 
silver perchlorate and the comparative conductivity data cited m Table 2 suggest the 
presence of ionic chloride and of ions of the type N3P,j(NHR)8 In both respects 

S G Kokaus, K John, T Mot-LLtK and L F Auorieth, 7 //lorg Niiil Chem 19,191(1961) 
'*“> P Job, C R Acad 5r/ , Ran? 180, 928 (1925), Ann Chirn (1 1), 6, 97 (1936) 

W C VosBUROH and G R Cooflr, y Arner Chem Soc 63,437 (1941) 
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these compounds are remarkably like the corresponding amine hydrochlorides 
Indirectly, this suggests protonation of nitrogen, cither in the ring togive f’ NH ‘ 

f 

or m the exo positions to give P- NH^R 


Tabi L 2 CoNoiif iivi ly <)i Af tioNi i Ricr soi cnioMS a r 25 ( 
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specific t- onducUkily 
(«>hm * cm 





MCI 

< If ,(( 1 

If.) Nil, MCI 


H3I Mf J CM ^(C If ,) 
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10 * 

H 0^ 

10 

S 08 
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8 
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’ 4 60 
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10 ’ 

1 2 H 
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Both infra-ied and proton resonance data are helpful in distinguishing between 
these possibilities The significant changes in infia-rcd spectra (Table 3) on going 
from the hexa-amino deiivative to its hydrochloiide are (1) a displacement of the 
noimal 12(X) cm ^ P=-N ring stietching frequency from 1 195 cm '■ to 1250 cm ' and 
(2) the appeaiance of new absorptions in the 915 935 cm * and 2300-2650 cm ^ 
legions Both of these favour protonation of a iing nitrogen atom A hypsochromic 
shift compaiabic to the fust also characterizes the C -N iing stretching frequency 
when pyridine is protonated Furthcimore. protonalcd tertiary amines, such as 

I 

pyridine, have absorptions for the =NH — group in the 2325 2500, 2500 2600 and 

2700 cm ■' regions,"*-’"’ and the other new absoiption lies m the 915 935-cm ’ region 
assigned"'*’ to the P N P linkage with no iing resonance Bonding of a ring 
nitrogen atom to a proton should eliminate iing resonance, but bonding to an e\o 
nitrogen atom should have little effect on the P N lieqiiency Any interpretations of 
protonation of an e\o nitrogen atom based upon assignments in the -NH, modes 
(usual assignments in parentheses in Table 3) weie inconclusive because of solvent 
absoiption and ill-defined spectra As a lesult of its small steric requirements some 
bonding of the proton to delocalized iing electrons in the i/, j\ system may still exist 
Pioton resonance ckita (fable 4) indicate a shift of t value from 7 7 for ammo- 
group protons of the pure hex,i-,immo tnphosphonitiiles to (i 3-6 5 (broad peak) for 
the hydrochloiides The profound alteration m electronic environment so indicated 
cannot be ascribed ieason<ibly to the bonding of a single proton to an — NHR group 
However, bonding to a ring nitrogen atom would sufficiently distuib img resonance to 
dram electron density away from the ammo nitrogen atoms and thus promote enhanced 
electron density within the ring through v back-domition The obseived shift in r to 
lower fields is consistent with this view 

Integrated intensity values foi the different protem peaks fail to indicate more than 
SIX piotons per ammo gioup absorption Again this suggests bonding to a ring 
lather than an ammo nitrogen atom If a ring nitrogen atom undergoes protonation, 
an absorption m a region compaiabic to that for piotonation of the histidine or 
imidazole ring nitrogen atom (t 2 4 to 2 7)"^’ might be expected '\lthough no 

B WiTKOP, Hxpcncnlta 10, 420 (1954) 

13 Cook, Camui J diem 39,2009 (1961) 

R L Evans and W Kvn/vston, 2 diem Soi 1005(1962) 

R C Lord and R L Mi-HRiinin J Clicm Ph\s 21, 166 (1953) 

"'*H H SisrrR, H S Ahuja and N L Smiih, /«<«" diem 1, 84 (1962) 
r A Bovi-y and Cj V 13 Tiirs, I Amer Cliem 5<n 81,2870 (1959) 
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Tabu 4 — Proion MAONtiir besonani r data 

Number of protons 

Relative 

intensity Calculated from 

intensity Theoretical 


«-CH3(CH,),CH,NH, hci 


CH, 

90 

9 5 

3 0 

3 

— ((-IL)^— 

84 

14 0 

4 4 

4 

C H , N 

6 9 

70 

2 2 

2 

-NH, 

1 8 

10 0 

3 1 

3 

N.PiNlK tC(CH,).CH,!„ HCI 

CHj 

9 1 

120 

18 

18 

(CH,), 

8 6 

15 0 

23 

24 

- CH.N 

7 1 

8 0 

12 

12 

NH 

6 5 

40 

6 

6 and one H 

NdMNH(CH,),CH,]„ H( 1 

CH, 

9 1 

17 5 

17 5 

18 

CH, 

8 4 

12 5 

12 5 

12 

C H.N 

7 1 

13 0 

13 0 

12 

NH^ 

6 5 

6 0 

(30 

6 and one H 

N,lMNH(t H,),CH,1„ HC H 

- CH, 

9 1 

15 0 

18 0 

18 

— C H, 

8 5 

9 5 

12 5 

12 

— CH,N 

7 t 

9 5 

12 5 

12 

-NH 

6 3 

4 5 

5 4 

6 

NH - 

4 2 

0 75 

0 9 

1 

NjP,[NH(CH,),CH,l., 

-CH, 

9 1 

14 0 

17 

18 

CH, - 

8 7 

too 

12 

12 

CH,N 

7 1 

100 

12 

12 

NH 

7 7 

5 0 

6 

6 


* Relative to 10 0 for IVlejSi at sweep width of “'00 c/s 

t This sample as 30 per cent solution in CCI, othcis as 30 per eeiit in i)CCI, 

such absorptiein was visible for DCCl, solutions, a weak and broad absorption was 
noted for CCIj solutions The latter (t -4 2) for the compound NjPj(NH(CH,)^CHj)s 
HCI, with onc-sixth the intcgr.itcd intensity of the amino proton peak does support 
ring protonation Its absence foi deiiteiochloroform solutions may be as a result of 
exchange of the acidic proton for the deuteron 

Reports of the co-ordination of acetonitrile and tetrahydrofuran with metal 
ions indicate clearly that interactions with phosphonitrilic compounds can be 

observed in these media only if such interactions are stronger than those of the solvent 
molecules It would be most ksgical, therefore, to investigate other scilvents However, 
acetonitrile and tetrahydiofuran aie among the few substapces that can dissolve both 
the phosphomtiilic derivatives and anhydrous metal salts without undergoing 
extensive reaction with the former 

Continuous variations data (Table 5) indicate clearly that interactions between 

W Hiebfr and J Sedemlh r. Bo Ditch Chciii Ocs 87, 25 (1954) 

L 1 Kaizin and J R Lirraro, 7 4mci Chcni Sot 75,3821 (19S3) 
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I \lll I C OVIlNUorS \ ARl \] IONS SI LIOV Ol I'HOSPHOM IRII K IIALIOI -LFWIS ACM) SV SU MS 


C oncLnlralion /y 


Phosphoiiiti lie 

I ew IS aeiel 

(niole'l ) 

( m/I ) 

Observation 

N,P.t 1, 

(dtCII.LM.,- 

10 

- 

4‘)0, 

820 

No peak 


C ol I HI ),. 

10 

' 

870 


No pe ik, slow formation of C oClj- 


\i(C 11 ,( 1N)„ 

3 

10 - 

425 

760 

No peak 


C ii(( ll,C M„ 

8 

10 ‘ 10 ’ 

300 

780 

No pe.ik 

N',P,Bi, 

C o(L H,C N),.- 

10 

- 

490 


No peak formation of CoBr,- 


Ni(( II ,( N), 

T 

11) - 

3()0 

590 

Pe' iks showing bromo-Ni(ll) species 


( ii(( ll,t N)„- 


10 ' 

780 


No peak slow formation of ( uBr^ " 

N|IM Ih 

C o(( H ( N)„- 

2 

10 ' 

490 

820 

No peak lormation ot Co( 1,- 


C ii(( II ,C N) 

S 

10 * 

758 


Lorination ot ( uC Ij- 

N,P,Bi , 

( o(C II ,C Nl - 

10 

- 

490 


No peak rapid tormalion of (. oBr 4 - 


Ni(( H ,( Nl - 

1 

10 - 

360 

590 

Pciks showing bromo-Nilll) species 


( ii(( H,( M„ 

s 

10 ' 

780 


No peak lapid foimalion ol ( uBr^ " 

N,l‘,t 1, 

1 . Ill ( ( 1, 

10 

1 

518 


No ehaige-lianster shill ol 515 m/i 







hand, no chaige-tiansler band in 







iilti a-v lole t 

N,P Ui„ 

1 iiiCCI, 

10 


8|5 


S.ime 

N.l'iCI, 

1 III t t 1, 

10 

J 

818 


Same 

N,B,Br, 

1 , in ( ( 1, 

10 

J 

515 


Same 


* IV ik in siir\s ol ahsoi baiKy dillsiciKL \s mole Iraelion M- 

1 IVaks 111 absoiplion s|iesU i ol solvated lewis aeids 111 it may he evpe’eled to eliange when a 
new Lewis-hase repi lees the enigiiial solvaliiit; niolcelllcs 

IVHLI 6 CoMIMlOlSVARlVI IONS SI I l>V OF III \ A SMI NO I 1(1 PI lOSPHONI I Kll I -LI \V IS 

\Llt) SVSIl MS 


Pliosphoiiilnle 

Lew IS acid 

t Olleetltr ItlOll 
(mole /I ) 

/t 

(iii/O 

Observation* 

N,P,INHC HtI„ 

1, 111 < IK Is 

10-' 

810 

1 .111 solulion , peak at 0 8 molc- 

N,P,[NH(CII_),CII,1„ 

1, in ( ( 1, 

10 1 

818 

frielionlj, new charge- 
li.iilsler peak at 360 niu 
(I 730) 

Ian solution, peak at 0 8 0 7 


C o(C lljC N)„- 

10 - 

490 

mole-fraelion Ij, new 
ehargc-transler peak at 378 
m/i (i 1 500) 

Yellow solution, peak al 0 28 


Ni{( H,C N)„- 

2 10 - 

360 590 

mole-fraelion Co- (t - 144) 

Yellow solution, peaks it0 35- 


C u(( ll,( N)„’ 

8 10 ■> 

758 

0 80 ((- 91 8) and 0 78 -0 80 

(r 27 5) niolc-lraetion 

Nl-' Intense peak at 270 
m/( (r = 1000) 

Yellow solution , peaks al 0 30 

N,P,[NH(rH,)3CH,l4 

ro(CHjCN)/ 

10 - 

238 

490 

(f 95) and 0 80 (;- 41) 

mole-fraetion Cu“' 

Yellow solution, peaks at 0 30 
(r 240) and 0 50 (1 160) 

mole-1 raelion C'u’’ 

Yellow solution , peak at 0 20 

N,1MN(( Hp,]„ 

I , m C ( Ij 

10 •> 

510 

0 25 mole-fraetion Co''+ 

(f ^ 380) 

Pan solution, peak at 0 50 


mole-fraetion 1^, new 
eharye-lransfcr peak at 180 
m/i (f - 730) 


• f values in I mole ' em ' 

+ Peaks in absorption spectra of solvated Lewis acids that may be expected to change when a new Lewis 
base replaces the original solvating molecules 
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Tahi I 7 — Infra-kh) si'K'TRA or i'hosphom i rii i i rwis Ann s> si i ms 


Phosphonitrilc 

Lewis 

acid 

Concentration 

Absorption 
(cm ') 

Altcrjlion of 
spectrum 

N,P,CI„ 

I, in CCI, 

to 

* IM 

1220 

None, even with 


Ag( IO 4 in Cdl, 

5", 


1210 

10 mole excess of Ij 
None 

NjPjBr.* 

AgCIOj 111 C„ll„ 

5", 


1177 

None, even with 10 

NdhCT 

AgCI 04 in C„H« 

5",: 


ItIO 

mole excess of 
AgClO, 

None 

NdhBrA 

AgClO, mC„H, 

5", 


1270 

None 

NdMNM(CH,),CH,],. 

1 . in rch 

10 

' IV1 

1 1‘)5 

None, even with 10 

NdMNlt(ClI,)CH,!„ 

AgClO, in C„tl, 

to 

' M 

1I9S 

mole excess of I 4 
None 


* Txlcnsive precipitalion of AgBr, no AgCI in chloride syslems 


Co“^, Nr^ or Cii--' ions and the iing systems of the trimcnc and tetramcric phos- 
phonitriliL ehlorides and bromides aie too weak to displace solvent molecules Rather 
It appears that slow solvolysis of the halide occurs with subsequent addition of released 
halide ions to the coordination spheic of the metal ion Rate of colour development 
indicates qualitatively that late of solvolysis decieases as (NPBr,)„ (NPC1>)„ and 
as n = - 4 II 3 (X -- same) Even iodine, which is less likely to react with released 
halide ion, gave no spectrophotometric evidence of the form,ition of a charge-transfer 
complex species (Table 7) 

On the other hand, the amino phosphonitriles do act as Lewis b.ises toward metal 
ions and iodine (Table 6) The difference m,iy he in the ability of the halogen atoms to 
decrease ring electron density Analogously, although benzene acts as a Lewis base, 
the perfluoro compound is a Lewis acid Electron donoi substituents such as 
amines may be expected to h,ive the opposite cllcct and thus enhance the donor 
capacity of the ring or of the iiiig nitrogen atoms It is apparent, of course, that the 
ex.ict donor centies can be cst.iblished only through moic detailed studies (eg, 
through ciystal-structuie determination) 

iikiioHhili^einenl Suppoil received by S O K in ihc loim of gi itfu,ue lellovvships from the 
f Ihyl Corpor.Uion and L I du Pont de Nemours and Company is gr ilcfully acknowledged 

C R. Patrick and G S Prosmr, Muliiie, Loud 187, 1021 (1060) 
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BIDENTATE ORGANOPHOSPHORUS COMPOUNDS AS 

EXTRACTANTS*— I 

EXTRACTION OF CERIUM, PROMETHIUM, AND 
AMERICIUM NITRATES 

T H SlDDAI 1,111 

Savannah Rivtr Laboratory P I du Pont de Nemours & Co 
Aikcn, South Carolina 

(Received 19 Odoher 1962) 

0 o 

1 II 

Abstract It is shown that tctraalkyl mcthylcnediphosphonatcs 1(RC) P— CH, — P( OR)^], dt- 

O C) 

,! 'I 

alkyl N,N-dialkylcarbamylphosphonates [(RO- ), P C— N( R)^] and dialkyl N.N-dialkylcarb- 

O O 

|! .1 

ainylmeihylencphosphonatts [(RO — )> P-- C'H, -C - N( -R)j] arc povserful, chelating extractants 
lor cerium, promethium, and dmcticium from solutions ol nitric acid 

Trivaiint lanthanides and actinides ate only poorly extracted from nitric acid 
solutions by monodentate compounds such as tri-n-butyl phosphate (TBP) Yet the 
highly acidic waste concentrates from such processes as the Purex process are im- 
portant potential sources of radioisotopes of these elements The poor extraction 
ability of the organophosphorus esters for these elements is due to back-salting by 
nitric acid that is extracted at the same time One appioach to improving extractant 
strength is to alter the molecular sti ucture m a manner that will improve the extraction 
of these metals relative to that of aetd 

The obvious approach to increasing the relative extraction of these metals is to 
employ bidentateextractants thatarecapable of chelation Already BANkSeta/ have 

O O 

synthesi7ed tetrahexylmethylencvltphosphine oxide, )>P CH_> P( — CgH,,),, 

and have shown that extraordinarily strong extraction of uranium (VI) is obtained 
with this compound However, Hiaiy and Kinmdy'-’ were unable to observe an 
increase m the extraction of iiianium (VI) by tetiabutyl melhylenediphosphonate 

O O 

ll II 

(TBMDP), (CjH,,0 -),P CHo 1^— OCYH.A- as compared to extraction by analogous 
inonofunctional compounds Our preliminary investigations also failed to show any 
extraordinary extraction of uranium by 1 BMDP However, poor material balance of 

• The information contained in this at tide was developed during the course of work under 
contract AT(07-2)-l with the U S Atomic f nergy Commission 

J J Richaro, K E Burke, I W O Laui.hi in and C V Banks,/ inni Clieni Soc 83, 1722-6 
(1961) 

'-'T V HiALvandJ Kinnedy, y /w/g Vw/ Cfiem 10,128-36 (1959) 

883 



884 


T H SiDDALL 


uranium was obseivcd in tins 1 aboratory which indicates that the TBMDP may not 
be completely soluble m bcn/ene foi the conditions in the test performed by Htai y 
and Ki NNru’i In any ecent when tetrahexyl methylenediphosphonate was substituted 
for the butvl ester, uranium was extracted much moie stiongly than by monodentate 
analogues This might be expected on the basis that the higher molecular weight of the 
hexyl csIli would m.ike it soluble m benzene even if the butyl ester were not Further 
expenments with uranium extiaction were postponed m lavoui ot work with trivalent 
lanthanides and actinides The purpose of this paper is to report the results o( the 
carlici phases o( this woik It is planned that this shall be the first of several papers 
conccining the behaxioui ol bidentatc extiactants As such, it will be only in the 
natuic ol an mlioduction to the extraction of tiivalent lanthanides and actinides 
I atci pipcis will co\ei details of mechanisms, a v\ ider variety of organic stiuctures, 
a vvidci langc of cxti.iclion vaiiables, and extiaction ol a div'ersity of elements 

IMt I I’ \ l< \ I ION Ol M'MIkIXLS AND I \ I’L R I M I N 1 A L IMt OC 1- D IJ R 1- S 

O O 

I tiL Uiphdsphdn lies (.arb.iniylpliosphonaics (( RO ). I’- -C — N(- R).] and c.lrbamylmcttlvltllc- 
0 O 

phosphonale' [(RO ). 1’ Ctl_ t N( R).|, used in ihis woik were all picpaicd by ilie Arbuzov 
ti.aiiangi.mi.nl i oi sxainpk, 

O O 

i ll 

:((AH, ()),!> Clldir. >(C.II/) ).P CD. P( Or.ll,). 2C,M.Ur 

Yields ol about 10 pci cent ot the second and thud classes t>f compounds were readily obtained by 

O O 

rapidly atiding the carbamyl diloiidc, R.NCCI, or chloroacctamidc, RjNt'C'H.CI, to an ccjtiinuilai 
quantity ol liialkyl phosphiic that w.ts already heated to about 200 C The course of Ihc icaelion 
was followed by obsci viiig the tlisullalion of by-product KC I About I 5 min was required to complete 
the reaelion to the point where distillation h.id diopped to a very slow rate At this point the reaction 
flask was icinovcd (rom the he.uing b.ilh in order to minmii/c the exposure of protliiet to high 
tcmpciauires 

The piepaiation ot the diphosphcmatcs, especially tctiabulyl methylenediphosphonate, is com- 
plicated by the fact that by-product alkyl halide cannot be removed with great rapidity Irom the 
reaction llask (See article by CAiit' ” fora discussion of this problem) Since dibromides or diiodides 
must be used as starting materials, by-product bromides or iodides are foin^cd and these are about 
as reactive as the starling dibalide I he result is a substantial loss of yield to the isomerization 
reaction, 

O 

ll 

RX {R0)3P ♦(R0),RP I RX 

The best results were obtained in this Laboratory by Ihc following procedure 

(1) Add one-half mole of phosphite to one mole of alkyl dibromidc at reflux and heat over night 
The reaction flask js fitted with a fractionating column and the heating late is set such that 
very slow distillation takes place 

(2) The fractionating column is removed and the reaction flask is heated strongly to drive oil 
excess alkyl dibromide and by-product alkyl bromide 

(3) A further one-half mole of phosphite is added slowly with the heating bath at 1 80-200' C 
Alter by-product distillation slows (total time about one hour), the reaction is considered 
complete 


'»‘J A Cade, / Chem Soc 2266-72 (1959) 
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f-or the tetrabutyl ethylencdiphosphonatc and the propylene- and butylencdiphosphonaics, yields 
of 40 per cent can be obtained (based on phosphite) With TBMDP the fractionating column cannot 
be used effectively in step (1) since methylene dibromide and butyl bromide have nearly the same 
boiling point Yields of TBMDP were 20-30 percent Dibutyl bulylphosphonate was obtained from 
the Virginia-Carolina Chemical Co 

All extractants were distilled under high vacuum After distillation, they were made up to 0 5 M 
III benzene and stirred with 6 M HCl at 60“C for 4 hr The benzene solutions were then washed with 
water, a solution of sodium hydroxide, and twice more with water Immediately after washing, the 
benzene was evaporated off and the extractants pumped down under high vacuum I his is essentially 
the procedure recommended by Pcppard et at'-" 

In one Inal the treatment with HCl was omitted with a sample of TBMDP fxtraction of ecrium 
w ith this sample went through a minimum at about 0 1 M HNO, in the aqueous phase and then rose 
to high values at lower acidity Tvidently the treatment with HCl destroys some acidic impurity (or 
Its parent compound) that would olhei wise invalidate results obtained at low acidity Such impurities 
would be expected because of the high temperatures required to synthesize and distill these 
compound'- As a lurthcr precaution the tracer solutions were made up to contain 0 003 M CctNOds 
on the possibility that very low levels of impurities might be present and that they would be 
saturated by this concentration of ccriuiii 

The laiKirc to include the purilication step with HCl or a similar step, may account for the high 
extiaction cocllicicnts obtained hy Saisiio''*’ with tetrabutyl elhyicne-l ,2-diphosnhonale 

Tquilibiations of 1 min duration wcie pcrlormed with a small electric sturer At three widely 
spaced points on the extraction curve, the attainment of equilibrium was tested by approaebing 
equilibrium first with ceiium iniiially in the aqueous phase and then repeated by having cerium 
initially in the organic phase Satisfactory agreement (3 percent mean deviation) was obtained in 
all cases except w'lth dibutyl butylphosphonaic and tetrabutyl butyicnc-l 4-diphosphonaic Above 
about 8 0 M nitric acid in the aqueous phase both of these compounds gave some evidence of slow 
equilibria This phenomenon was not investigated further since neither ol these compounds were of 
principal interest to the study For this reason no data arc reported for these two compounds at high 
HNO3 concentrations m the aqueous phase 

•"'Am, ‘"Ce and "'Pm were determined by conventional counting pnvccdiires When the three 
elements were piescnt in the same solution, “‘Cc and '^'Pm were delernuned by dilferential f(- 
coLinting and -"'Am bx a-eountmg Small niesunis (usually 2“' "1) ol the organic phase were made 
m Older to minimize the problem of volatilizing these high boiling extractants and obtaining clean 
plates lor »-countiiig Even so it was olteii necessary to picpare several plates m order that at least 
two could be obtained that were lelaiively clean Mounts eif the organic phase probably are the 
limiting sciurce ol error lor the data for americium A mean deviation ol about 5 per cent in z- 
eoujiting was obtained between duplicates The cxlraelion eoctheicnts tor cerium were gencrallv 
determined with about 3 per cent mean deviation The mean deviation for data with piomethium 
was about 6 per ecnl, since they involved a determination by dilfcrences However as extraction 
eoelfieicnls approached I0-, pieeision Icll to about 10 15 per cent, and at 10' precision vxas only 
within a factor of about two This decrease 111 precision was apparently due to inabilitv to obtain 
siilficicntly complete separation of aqueous fioin organic phases even though the phases were 
eenirituged 

W'ater analyses were performed by the Kail Fischer method Aeidily was defcimined bv ordinaiy 
aeid-basc titration Densilies were obtained by weighing I-ml micropipettcs filled with exlraelani 

RESULTS AND DISCUSSION 

Data for the extraction of metals at 30 'C aic given m F igs 1 and 2 and repeated in 
Table I Data for the extraction of nitric acid at 30 ’C arc given in Tabic 2 Densities 
-ind the composition of the extractant phase at 23 C arc given in Table 3 for all of the 
exti actants One set of i|jta in Table 3 is given for organic samples that had been 

D F PfPPARO, G W' Mason and J L Maiir,7 Inoi^ Nm! C/tem 3, 215-28 (I *>56) 

' ' H Saisiio, Bull Chein Soc Japan 34, 85')-61 and 1254 57 (1961) 
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Dibutyl N, N-dielhyl- 
carbomyiphosphonate 


Tetrabutyi ; 

methylenediphosphonattt _ _ 


Dibutyl N, N-diothyl- ' 
carbomylmethyienephosphonota 


Tetrabutyi 

elhylena-l, 2'dipho8phonafs 


Tetrabutyi i 

butylene-l, 4-diphospKoncte 

Tetrobufyl , 

propylerje-l, 3-dipho5phonofe 

Dibutyl I 

butylphosphoriota I 


01 10 10 
Concentration of ndrtc acid in the oqueoue phOM at equilibrium, M 


100 


Fit. I Lxliiiclion ol ccnuin .it 10 C by v.irioiis bidtntates and 
by dibutyl butyphosphonalc 


equilibr.ited with wjter, the othei set is foi samples that were in cquilibiium with 
6 5 M nitric acid The data in all the tables and figures are for undiluted extractant 

The data of the first two tables and hgures indicate that the bidentate extractants 
that can form five or six membered rings with Ce, Pm, and Am arc chelating extractants 
Extraction coefhcients ate approximately 100 times as large over most of the acidity 
range as those obtained with monodentates However, in the diphosphonate series, 
extraction decreases sharply as additional bridging methylene groups are introduced 
between the phosphoryl groups 

It IS true that both the propylene (TBPDP) and butylene (TBBDP) compounds arc 
still slightly more powerful extractants than is dibutyl butylphosphonate (DBBP) 
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001 01 10 10 lOO 

Concentralion of nttnc acid in the aqueous phose ot equilibrium, M 

hio 2 I xtraLtion ol cerium, promclhium, ami americium at ^0 C by three bidentatc 

extractants 

The order of extractant strength is TBBDP TBPDP DBBP The greater 
extractant strength of the diphosphonatcs may be explained as due to the higher 
concentration of phosphoryl groups in these compounds By that token one would 
expect the order to be TBPDP • TBBDP - DBBP Possibly, in the TBBDP 
molecule, since the phosphoiyl groups arc farther apart, they have less of the elTect of 
being electronegative substituents on each other This may ollset the slightly higher 
concentration of phosphoryl groups in TBPDP Howexer, even with the butylene- 
diphosphonate, the two phosphoryl groups are not far enough apart to be completely 
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independent of each other As shown in Table 3, the ratio of moles of nitric acid 
extracted per mole of phosphoryl group is not as high as that obtained with dibutyl 
butylphosphonate One explanation is that, even when separated by four methylene 
groups, phosphoryl groups still act as electronegative substituents on each other 
Electronegative substituents are known to reduce extractant strength The data for 
water extraction also show that the phosphoryl groups of the bidentate compounds do 
not act independently 

As far as can be deduced from the data in this paper, extraction by TBMDP and by 
dibutyl N,N-dicthylcarbamylmethylenephosphonate (DBDECMP), aside from chela- 
tion, follows the same general type of mechanism as that encountered with ordinary 
organophosphorus esters A neutral molecule of metal nitrate is complexed by 
extractant in the organic phase Any decrease in slope of the extraction curves with 
increasing concentration of nitric acid can be interpreted as the result of increased 
back-salting as more nitric acid is extracted The ratio of acid to metal extraction is 
greater for DBDECMP than it is for TBMDP As a consequence, the extraction 
curve for the metals with DBDECMP actually passes through a maximum while the 
slopes with TBMDP decrease only moderately, if at all 

On the other hand, it would be hard to say that extraction with dibutyl N,N- 
diethylcarbamylphosphonate (DBDECP) follows this same general mechanism 
I xtiaction with DBDECP shows an exponential rise with increasing acidity In fact a 
good straight line is obtained when extraction coefficients are plotted against aqueous 
acidity on semilog paper Back-salting by nitric acid is offset by some new factor A 
simple explanation is that metal extraction by the carbamylphosphonate is based on 
an anion mechanism, 

M^i^ I (3 I y)NO,- ! vH' I y(DBDECP) H^M(NO,), ^(DBDECP)„ 

r urther experiments now in progress and to be reported in a later paper indicate that 
the choice of a mechanism of this type is correct 

The data of Fig 2 indicate that there is a tendency for the relative order of extrac- 
tion of metals to change as the concentration of nitric acid changes At low concentra- 
tions the order is Ce ■ Am ~ Pm, but at high concentrations the oider is Am ~ Pm 
Cc The effect is small and no explanation is obvious 

The question arises as to what other electron-donating groups might serve as the 
functional groups m chelating bidentates for the extraction of trivalent lanthanides and 
.ictmides Preliminary experiments m this Laboratory show that strong extractants 
can be obtained by including a carbonyl group and a phosphoryl group m the same 
molecule Unfortunately pure samples of carbonylphosphonates were not obtained m 
the synthesis of these compounds The Perkow Reaction appears to be a competitive 
reaction with the Arbuzov rearrangement, which leads to a difficult problem in 
purification Further investigations of the synthesis are planned 

Diamides do not seem to be chelating extractants for these trivalent lanthanides and 

O O 
II i: 

actinides Both tetrabutyl oxalamidc, (C 4 H,- ),N — C — C — N( — and tetra- 

O O 

II II 

butyl malonamide, (C4H,,— ),N--C— CH„— C — N(C,H(,)j, gave very low extraction 
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coefilcients for cerium from 12 M HNOj Chemical analysis, proton magnetic 
resonance spectra and infra-red spectra indicated that a fairly pure sample of the 
oxalamide was obtained, however, the malonamide contained some unidentified 
impurity The failure of these diamides to act as chelating extractants is rather 
surpi ising in v icw of the effectiveness of the amide group in the carbamylphosphonates 
and carbamylmethylencphosphonates No explanation is readily apparent for this 
behaviour 

In conclusion it is seen that very powerful bidentate extractants can be obtained 
for the trivalent lanthanides and actinides These extractants or their homologues 
promise to have piactical utility for the recovery of these elements from a variety of 
sources such as the high activity waste of the Purex process The extractants whose 
behaviour is icported in this paper probably have about as low a molecular weight as 
can be useful, tetraethyl mcthylenediphosphonate, foi example, is water soluble 
Even larger molecules than those studied here may be desirable Tetrabutyl methy- 
Icnediphosphonate is limited in usefulness as an extractant when diluted with n- 
dodecane because the dilutions form two organic phases when contacted with a 
variety of aqueous phases Higher homologues such as the tetraamyl and tetrahexyl 
esters may be diluted without encountering serious problems from the formation 
of two organic phases The higher homologues are easily synthesized, but their 
puiilication IS complicated by piogressivcly higher boiling points 
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Hafnyl triphosphate^ 

{ Received 1 2 Oc tohi i 1962) 

In previous communications, it was pointed out the complexing ability of sodium triphosphate 
with many substances specially rare-carths' ", thorium'*’, uranyl'-’ and othcis 

In many cases, it was not possible to isolate the compounds which vserc therefore detected by 
many ways potcntiomctric, conductometric, spcctrophotomctric, etc 

I he compounds formed when sodium triphosphate reacts with zirconyl ions were already 
described' " 

I he behavicsLir ot hafnium and hatnyl ions with sodium triphosphate is now investigated, by using 
the same proccduic outlined in the case of zirconium We observe that hatmum and hafnyl compounds 
by the reaction with sodium triphosphate show the same behavior that zirconium and zirconyl 
compounds, the potentionietric and conductomctiic curves arc very similar 

The compounds which were isolated were all white amorphous powders, as was pointed out by 
the X-iay dillraction patterns 

rxpei tmenlal 

(1) Sodium tnplwspluile, Na„P 30 ,« bH^O, was prepared from anhydrous sodium triphosphate, 
supplied by the Victor Chemical Trading Coiporat ion, and pui ificd .tccording lev a procedure described 
by Wa 1 1 1 rs < / u/ 

(2) Hafnvl cliloiuk, HIOCKXHjO — The product obtained by the reaction of hafnium oxide 
(Johnson Matthcyand Co Ltd , Spcctrographically puic)wiih a mixture of llf/H.SOj in a platinum 
crucible was diluted with water I he precipitate obtained by the addition of dil ammonium hydroxide 
w as liltercd oil. w.ishcd with water until free of sulphate and then dissolved in concentrated hydrochloric 
acid I he resulting solution was evaporated near to dryness and the hafnyl chloride was purified by 
dissolving in a little <tmount of water, cone hydrochloric acid .iddcd and evaporated again The 
resulting crystals weic filtered otl, well pressed and washed with acetone 

(1) Hafiiiiim (IV) sidpluue, Uf(SO,)2.4ILO, w,is prepared in the same way as the irconium 
sLilph.ite, .iccording to a procedure described by Ci ABAinat and GiLCHRisr ’’’ 

(4) (HfO)„(I’ 30 |o)j 2Na,P,0|„ 12HjO (I) A solution ot I .42 g of hafnium sulphite in 15 ml 
ot watci was added, undci stiiring, to a solution ot 2 86 g of sodium triphosphate in 20 ml water 
A solution was obtained after one hour of continuous stirring Graduilly a white gelatinous pre- 
cipitate was formed and after one week it was centi ifugated, washed with 3 portions of 10 ml water 
and then dried in a vacuum dcsiccitor over calcium chlondc until constant weight 

AiuiIyms (HfOJdPsO,,,). 2NaiP,0,„ I2H,0 (2 430 9) 

lit calc 36 73 found 36 21 
P calc I ‘5 29 lound 15 72 
H.O calc 8 89 found 9 01 

(5) (HIOJ.NaPsOio 4HjO (II) A solution of 0 s)6 g of sodium tiiphosphate in 20 ml water was 
slowly .iddcd, under sliri mg, to a solution of 1 64 g hafnyl chloi ide in 20 ml vv.iter 1 he stirring was 

'"A G BtJviRs, F GiESHRrcHT and L F Auprilth, J Inoii; Siicl Chem 5, 133 (1957) F 
GiFSBRFCHr and L F AtiORiETH, y Inori; Nud Chcm 6, 308 (1958), L Gii'sbhicht, 7 Inorq 
NucI Chem 15, 265 (I960) 

■’ I Giesbrccht and G VictNriNi, Anais uwoc hr»\d (/iiim 19, 61 (1960) 

L Giesbricht and G Vicentini. Anaix atsoc hui'u/ qmm 18, 63 (1959) 

“ J I Waiters, F. D Loir.hran and S M Lamhfri,/ Amer Chem Soc 78,4855 (1956) 

"W S CiABAUtittand R GiicHRisi.y 4mei Chem Soc 74, 2104 (1952) 
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maiiitumLcI lor 15 nnn, the white gelatinous precipitate was filteicd olT, dried over calcium chloride 
and then lincly giouiid I he resulting powdei was washed with 1 portions of water and dried until 
constant weight in a vacuum desiccatoi over calcium chloride 

4iiol\sis (HrO),NaPjO,„4H.O (717 2) 

HI calc 48 70 lound 48 91 

P calc 12 60 found 12 81 

11,0 calc 9 77 found 9 46 

(6) ( I IIO) ,(P ,0,„), I2H_(9 (III) A solution ol 2 05 g ol halnyl chloiide in 20 ml water was 
slov\ Iv cultied under stin ing to a solution of 0 95 g sodium triphosphate in 20 ml watei The white 
gel itmous precipitate was centrilugatcil anti washed wilh 4 portions of 5 ml water ft was dried over 
cone sulphuric acid, llnely grinded, washed with 5 poi lions of 15 ml water, and dried, until constant 
weight, in i saeuum desiccator o\ei calcium chloride 

fiWisn (1II0),(P,0,„)^ I2M_0 (1 695 0) 

Ilf calc 52 68 lound 52 19 

P calc 10 96 found 10 79 

11,0 calc 12 75 lound 12 96 

(7) — Phosphorus anti h.ifnium weic determined alter fusion of the substance 
with a motture ol stidium and potassium cai bean, lies I he inched w as poured into water and the result- 
ing precipitate alter filtei ingand washing, wasdissolved in sulphuric acid, the hafnium precipitated as 



Mole rot'O 

Fic. 1 — pH Titrations 

A — 1 itration of 10 ml 0 05IV1 sodium triphosphate with 0 05M hafnium sulphate 
Precipitation occurred alter the 0 5 mole ratio was exceeded 
B — Titration of 10 ml of 0 05M hafnium sulphate with 0 05M sodium triphosphate 
Precipitation occurred at the beginning of the titration 
C— Titration of 10 ml of 0 05M triphosphate withO 05M hafnyl chloiidc Precipitation 
occurred after the 0 5 mole ratio was exceeded 
D- Titration of 10 ml of 0 05M hafnyl chloride with 0 05M sodium triphosphate 
Precipitation occurred at the beginning of the titration 
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hafnium hydrogen phosphate, and ignited to the pyrophosphate "f he above filtrate was aeidilicd with 
hydrochloric acid, boiled for 30 min and the resulting phosphate precipitated by the usual way as 
magnesium ammonium phosphate and ignited to the magnesium pyrophosphate 

The water determination was carried out by the loss of weight of the substance by ignition to 
800-900°C, 

(8) All pH measurements were made with the Metrohm potentiometer, model E I48e, using a 
combined glass-satured calomel electrode 

(9) Conductivity measurements were earned out with the aid of a line operated Conductivity 
Bridge, model RC-16B from the Industrial Instruments Inc, using platinum platinized electrodes 
The cell constant was not determined since conductance values were relative throughout a given 
titration 

Dnciissioii and Results 

A — pfl ritralioiis 

(1) The titration of 0 05M sodium triphosphate solution with hafnium sulphate solution of the 

same concentration showed the foimalion of a soluble complex in which the ratio Hf*+ is 

I 2 (Pig J-A) These solutions are not stable, after some days a white gelatinous precipitate is 
observed, which was isolated and analysed Its formula is (Hf 0 ) 5 (P 30,„)2 2 Na|iP 30 ,(, 1 2H ,0 (I) 
Us formation, in the above case, can be explained by the hydrolysis of the ion HM+ to HfO^+ 

The existence of a compound with the ratio 5HtO-+ 4PjO,„'' could also be directly detected 
in the potcntiomctric titration of sodium triphosphate solutions with hafnyl chloride solutions 
(Itg 1-C) 

(2) The potcntiometnc titration of 0 05M hafnium sulphate solutions with sodium triphosphate 
solutions of the same concentration showed an inflexion point which corresponds to the ratio 2Hf‘* 
^PaO,,/' (Fig 1-B) However, the precipitate which was isolated presented a composition which 
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Wole ratio 

Fu,. 2 — Conduitomcirie titrations 

A — Conductometric titration of 1(X) ml of 0 005M sodium triphosphate with 0 05M 
hafnium sulphate 

B- Conductometric titration of 100 ml of 0 005M sodium triphosphate with 0 05M 
hafnyl chloride 
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corresponded to eompr)Lind II i c , 2HIO-‘ IP, 0 , 0 ’ Ihis result can be explained by considering 

the hydiolysis 

2111' 211,0 2HfO.' , 4M' , 

the resulting H' 10 ns ind the P,0,|, ‘ ions reacted conform 

2P,0,„- , 4H ^^2H,P,0,„-" 

So, 2PiO|ii’ .lie iieeessaiy lor the .those icaetion and one PjOio"* lor the eombin.ition ssith 2HfOj 
gising the compound If 

(4) I he titi ition ol 0 OS M sodium tiiphospinic seilution with 0 OSM halnyl chloride showed the 
lorm.ition ol an insoluble compound with the r itio 51)10- ^ dPaOi,,’’ (Fig 1-C) I his composition 
eoiresponds to compound I mentioned above (See p Stlt) 

(4) The titration of 0 05 M halnyl chloride vvilh sodium triphosphate of the same coiiecntiation 
show eel an mile sion point lh.it eoi responds to in insoluble compound vs ith the ntio 2HfO- ' I PtO,,,^ “ 
(Fig l-l)( I his compound (II) was prep.iied accorelinglv to the piodccure indicated in page 894 

1 ) ( Dik/iu to’ju Inc lili(ilinii\ 

( 1 ) 1 he titration of 0 005 M sodium li iphosph.itcsolutions with 0 05 M halnium sulphate solutions 
(I I” 2-A ) indie ifed clearly m innexion point corresponding to .1 ratio 2HI‘+ Jl’jOio"- Ffovvever, 
the product oht lined in this else sv.is identical to compound II, coi responding tei a composition 
2Ht() ' I P,()|,i' ' In the present c.isc, in .iccoid.incc to the dilution ellcct, no solubih/.iiion occui icd, 
as was observed in the poteiiliomeii le titi.uiciis (sec p 894), since the hydiolysis of HI “ to HfO'^' ion 
was immediate 

(2) I he conductometric titration ol 0 005 M sodium triphosphate solution witli 0 05 M hafnyl 

chloiidc showed a vet v cle.tr inllcMon point that coriesponds to ,m insoluble compound with the latio 
51110-^ 2I’,C),,| dig 2-B) Ihis compound (111) was picp.ucd according to the procedure 

indicated in p.igc 89) 

iclnn)Hlt\l"ciin'iil\ rhe authors wish to th.iiik the (’onselho N.icion il dc Pcsijuisas (Rio dc Janeiro) 
for (m.iiicial suppoi t 

r GiisiiRicnr 

Dcptiitwiu'nlii (Ic Qiiiiiiua Cj VirtNTiNl 

raciildchlc dc I iloutfia Cu luias e LcHns, M PrRRirR 

Unii'c’i stdadc dc Sac) Paiihi 
.Sclo Pindo PicJ'd 


Precipitation of tungstates of silver and lead 

(Kcccircd 15 December 1962) 

UNDtR VARYiNc, Conditions silver tungstate, silver paratungstatc and silver inctatungstatc has been 
obtained by Smith and Bkaobury Gon/ai fs'-’ and Kohn'^’ respectively The formation ol 
normal tungstate of lead, para tungstate of lead and meta tungstate of lead has been reported by 
Anthon,"' Smith and BRAOBURy,''’ Bir/miijs and Lotz''.i apj Schfibler'"' Some intermediate 
tungstates of lead have also been reported 

A solution of sodium tungstate gives alkaline reaction which may be due to paitial hydrolysis 
of the salt 

Na.WO, ! 2H,0 2NaOH I H 2 WO 1 

Smiih and Bradbury, Ber 24, 2930 (1891) 

'“'Gonzales, / Prakt Chem 36,44 (1887) 

F Kohn, Z /inori,' Chem 69, 247 (191 J) 

F Anfhon, y Piaki Chem 9, 361 (1836) 

"" Berzelius and Lorz, J Prciki Chem 63, 214 (1844) 

ScHEiBLER, y Prcik! Chem 80,204(1860) 
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Tablf 1 —Precipitation ot tungstates of siiver 
Millimols of WO3 pTesent in the solution — 2 000 



Millimols present in 

Millimols present in 


Millimols of Ag 

the supernatant liquid 

the precipitate 

Ratio of WO, Ag 

added in solution 

WO, 

Ag 

WO, 

Ag 

in the precipitate 

I 1 624 

1 079 

X 

0 921 

1 624 

1 I 8 

2 436 

0 675 

X 

1 325 

2 436 

I I 8 

3 248 

0216 

X 

1 784 

3 248 

1 1 8 

4 060 

X 

X 

2000 

4 060 

1 20 

4 872 

X 

0 856 

2000 

4016 

1 20 

5 684 

X 

I 624 

2 000 

4 060 

1 20 

11 I 624 

0 438 

X 

1 562 

I 624 

1 1 0 

2 436 

X 

0 099 

2 000 

2 337 

1 1 2 

3 248 

X 

0 971 

2000 

2 277 

1 1 1 

4 060 

X 

1 356 

2 000 

2 674 

1 1 3 

4 872 

\ 

2 514 

2 000 

2 358 

1 1 2 

5 684 

X 

3 468 

2000 

2 216 

1 1 1 

III I 624 

0 079 

0 059 

1 921 

1 565 

1 08 

2 436 

X 

0 674 

2000 

1 862 

1 09 

3 248 

X 

1 584 

2 000 

1 664 

1 08 

4 060 

X 

2 475 

2 000 

1 585 

1 08 

4 872 

X 

3 625 

2 000 

1 237 

1 06 

5 684 

X 

4 121 

2 000 

1 463 

1 07 


‘ deals with the preeipitation caTricd out at pH-9 94 
“ deals with the precipitation earned out at pH-8 00 
deals with the precipitation carried out at pH-6 70 


It may also hydrolyse as follows 

12(NajOWO,) 1 7H3O ^5Na30l2W03 1 J4NaOH 

Again a solution of sodium paratungstatc becomes acidic after some lime with the lormation of 
normal and metatungstates which may be due to the following changes — 

5NajO 12WOj 4 H3O IfNa .O WO,) I 2(Na30 4W03) + H, WO, 

As IS clear from the above equations, the composition of sodium tungstate solutions will vary 
much with the ageing of the solution and hydrogen ion concentration In this paper we have 
investigated the efiect of the hydrogen ion concentration upon the composition of the tungstates of 
silver and lead precipitated from sodium tungstate solution 

Expenmentut 

A R chemicals were used during the investigations 20 ml of sodium tungstate solution was 
treated with 20 ml of silver nitrate or lead nitrate soluticvns After thorough mixing the precipitate 
was separated 1 he clear supernatant liquid was then analysed immediately for the metal (silver or 
lead) and tungstates ions by the usual volumetric and gravimetric methods Thus the composition 
of the precipitated was derived The precipitation has been studied at dilTerent pH by addition of 
dilute nitric acid lower pH was obtained Care was taken that tungstic acid did not precipitate on 
the addition of the dilute’ nitric acid 

These results are presented in the following tables in which the last column gives the ratio of 
tungstate and silver or lead present in the precipitated tungstates 



898 


Notes 


IaIIM 2 -PRLtlPnAriON of TltNOSIATLS OI LEAD 


Millimctls of wo, present in each solution — 2 000 


Milhmols of Pb 

Miliimols present m 
the supcinatint liquid 

Milhmols present m 
the precipitate 

Ratio of WO3 Pb 

added in solution 

WO, 

Pb 

WO3 

Pb 

in the precipitate 

1 200 

0 804 

\ 

1 196 

1 200 

1 1 00 

1 600 

0 380 

\ 

1 (i20 

1 600 

1 1 10 

2 000 

\ 

X 

2 000 

2 000 

1 1 00 

2 400 

\ 

0 3(>5 

2 000 

2 035 

1 1 02 

2 800 

\ 

0 706 

2 000 

2 094 

1 1 04 

t 200 

X 

1 048 

2 000 

2 152 

1 1 07 

1 200 

0 462 

\ 

1 538 

1 200 

1 0 78 

1 600 

\ 

0 024 

2 000 

1 576 

1 0 78 

2 000 

\ 

0 402 

2 000 

1 598 

1 0 80 

2 400 

X 

0 7 38 

2 000 

1 662 

1 083 

2 800 

\ 

1 1 12 

2 two 

1 688 

1 0 87 

3 200 

\ 

1 428 

2 000 

1 772 

1 0 88 

1 200 

X 

0 205 

2 000 

0 995 

1 0 50 

1 600 

X 

0 616 

2 000 

0 984 

1 0 50 

2 000 

X 

1 144 

2 000 

0 856 

1 0 43 

2 400 

X 

1 472 

2 000 

0 928 

1 0 46 

2 800 

\ 

1 892 

2 000 

0 908 

1 0 45 

3 200 

\ 

2 392 

2 000 

0 808 

1 0 40 

1 200 

0 444 

0 787 

1 556 

0 413 

1 0 26 

1 600 

0 202 

1 140 

1 798 

0 460 

] 0 26 

2 000 

0 104 

1 603 

1 896 

0 397 

1 0 26 

2 400 

X 

1 854 

2 000 

0 546 

1 0 27 

2 800 

X 

2 267 

2 000 

0 533 

J 0 27 

I 200 

\ 

2 760 

2 000 

0 440 

1 0 22 


^ deals with precipitation at pH-9 94 
deals with piecipitation at pH-7 50 
deals with precipitation at pH-5 50 
deals with precipitation at pH-2 60 

Discussion 

With sodium tungstate solution at pH 9 94, the normal tungstate of silver AgjO WOj is precipi- 
tated As the pH of the solution is lowered, some formation of silver paratungstate occurs, until 
at pH 6 7, the precipitate is silver paratungstate 5 Ag^O l2WOj 

Table 2 shows, that the tungstates of lead arc insoluble even in highly acidic medium For 
precipitation (rom sodium tungstate solution pH 9 94, a ratio of WO3 Pb of I 1 is obtained corre- 
sponding to the composition PbO WO3 1 c , the normal tungstate of lead 

At pH 7 50, the WOi Pb ratio is far from that required for the normal tungstate We believe 
that at this stage tetra tungstate of lead 3 PbO 4WO,, as reported by Lefort, is also precipitated 
With a deficit of Pb ions in the solutions, the precipitate tends to the lead tetra tungstate composition 
but the tendency is reversed as the lead concentration increases 

At pH 5 50, the ratio of WO, Pb is slightly more than that required for pure paratungstate of 
lead This may be attributed to the adsorption of lead ions on the precipitate formed The precipitate 
IS, substantially, lead para tungstate 

When the medium is highly acidic fpH-2 60), the precipitate is meta tungstate of lead It is 
interesting to note that lead and tungstate 10ns are present in the supernatant liquid even before the 
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addition of an equivalent amount of lead ions This may be due to the solubility of the precipitate 
in this medium Also the variation of the WO 3 Pb ratio from that of pure meta tungstate may be 
due to the formation of the double salt PbO 4WOj PbfNOali lOH^O The formation of this double 
salt has also been reported by RostNHLiM and Kohn‘” 

M C Mchra 

Department of Chemistry K Kant 

M B M Cnpineerinf^ College 
University of Jodhpur 
Jodhpur 

I” A Kosenhlim and P Koiin, Z Anorg Chim 69, 247 (1911) 


The polyalkaline earth uranates SroUOj and Ca2UOg 

(Retell id 19 Dei emhi r 1962) 

In rk fnt publications, Ippoiitova et af" ^ ” have reported the preparation of the polyalkaline 
earth uranate Ca^UOj and the apparent non-cxistcncc of the corresponding strontium and barium 
compounds 

Both the calcium and strontium compounds have been prepared and characicri/ed in our labora- 
tory, where an attempt is being made to elucidate their crystal structures \ttempts to prepare 
BajUOr, have proved futile 

Prepai alum and Anahsis 

The phases were prepared by the solid state rcaclicms shown below 

915-C 

CaUOi CajUO, ► CaiUDj 

Air 

lOOOX 

SrUO** H Sr^UO. Sr^UO^ 

Air 

The reactant phases used were known from X-ray evidence to be at least 99 percent pure 
The progress of the reactions was followed by standard X-ray techniques and after frequent 
remixing and sintering of the reactants, single phase products were obtained for both phases 

The composition of both phases was established by direct chemical analysis The usual methods'*’ 
*ere employed to separate uranium from the alkaline earths Final determinations were made 


gravimctrically , uranium as stiontium as SrSO, and calcium as CaCO, 

Oxygen was not determined but a precise oxidimetrie determination''’ of the valency Z of uranium 
was made on both compounds 

Compound 

Z 

Ratio ’\40/UO, 

Ca^UO, 

5 998 1 0 001 

1 998 0 004 

Sr^UOs 

5 999 1 0 001 

1 996 _ 0 003 

* Orthorhombic form of SrUOj 

1 A Ippoliiova, Berl/nikova, 

LioNinov and Kovua 

hsl Obi Klnm Liana Sb Slatci 


I 59-65 (1961) Chem 4ln 57 6854i ( 1 962) 

BfRiTnikova, Ippoli lOVA, SiMANov and Koviia Isd Obi Klnm Uiiina Sb Sliilii 151 ^(1961) 
Chim Ahs 57 3064d (1962) 

IppoLiiovA, Bereznikova, Kosynmn, SiMANOv and Kov RA fsd Obi Khun Liana Sb State 
154-8 (1961) Chem Abs 57 3064g ( 1 962) 

RnimEU, Analytical Chemntiv of the Maiiltallen Pioje<r,« N ES VlII-I McClraw-Hill New York 

P 32,(1950) 

’ Sawyer, unpublished work 
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Strutt III al H'ork 

Small (.rystdls of both phases were obtaineil after microscopic csamination of well sintered pellets 
I he crystals grow with needle habit, the needle axis was later found to be most commonly the 
eiystallouraphvc h axis or less frequently the crystallogiaphic ti axis 

I'retuTunary Weisscnbcrg diffraction paltcrns [hOf, h]l, hll and Oklf rescaled that twinning was 
scry common 

In some cases the si?e of the second component of the tsvin was small relative to the first, and it 
proved possible to sort out the diflraction record into the two single lattices 

The single lattice patterns so obtained showed monoclinic symmetry, and the only systematic 
absences observed were 

OAO for A odd 
M/ for / odd 

I he space group is uniquely determined as PZIjc No 14 

Ihe following unit cell data was computed from powder data [Table 1] obtained with a Guinier 
type fcicussing camera using monochromati/ed CuK„^^^ radiation 

Compound a A b A c A p' V A’ 

Ca. UO„ 7 914 L 0 004 5 442 hOOOJ 11 45 0 005 10S°48' j_ 3' 466 6 

SrAJOs 8 112 ‘ 0 004 5 656 ■ 0 003 1 1 92 ' 0 006 108°58' t 3' 517 0 

The densities of CajUO, and SriUOj as ciclermincd by a pyknometne method using carbon 
tetrachloride as pyknomeler fluid, were 5 55 g cm ’ and 6 08 g cm ■* respectively at 21 5°C 

experience with other uranates piepared by similar methods showed that densities determined by 
this simple pyknometne method usually represent approximately 95 per cent of the calculated X-ray 
density 

Tor either phase, the cell volume and measured density arc compatible with a unit ceil containing 
four MjUOr, molecules 

I he following data has been calculated for Z - 4 

pX-ray /iCu //Mo 

Ca.UOs 5 67 gem’ 1408 cm' 543 5 cm' 

Sr^UO, 6 34 gem’ 1360 cm * 699 0 cm' 

In the ease of Sr^UO,,, the positions of the uranium and strontium atoms were derived from 
P ilterscin and Fourier projections along the /> axis, also from a Touricr projection along the a axis 
To reduce the senes termination errors introduced by using radiation the strontium 

parameters given in Table 2 were obtained from dillercnee synthesis of the t^pc 


Tmiii 2 Si, TO, PZ/fc No 14 


Atom 

Point position 

\ 

y 

Z 

V 

2(a) 

0 

0 

0 

V 

2(b) 

i 

0 

0 

Sr 

4(e) 

0 157 

0 028 

0 328 

Sr 

4(e) 

0 343 

0 477 

0 140 


1 urther structural work being eairied out on Sr,UOi and the isomorphous eompouiid Ca,U 05 
will be reported m greater detail al a later date 
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A<kmmlecl!;( iiu nt — I ho author thanks the Univorsity of Melbourne foi the awaid of a research grant 
and IS indebted to Dr S ANorRssoN and Mrs M Silrns for their advice and assistance 

Chcinislry Dcpai tiiicnl J O Sawyi r 

of Ah'l/yiiid lie 
In till 1 ( 1 , ill'll! aha 


A study of (runsfcrence and solvation phenomena 

(iiniiuiiii'. an the papas af ! O \\ eat and F S Anns 
(Raavid \h \lai(li 1961) 

Amis \m) Ins cowoikcis have recently published si\ pa|iers'‘ on the dctci niination by the Hittorf 
method ol the Iranslereiiec numbei s ol t >0_C 1.’*', AgC It),'''*, LiC I'''’, ICC l'^’, NaCl'-'' and HCl'®’ in 
w del -elh.inol misture s at 25 (' To these solutions they added sonic nonelcclrolytc such as fructose, 
rallinose, or (in most eases) -/-methyl-D-gIticosiilc to act as an inei t refeicncc substanec” analyses 
after a run v'clded -2(7^, ,, the number ot giams ot solvent that had moved per taraday relative to 
this rclereiiec substance which was assumed to have lemaincd stationary in the electric field In 
pure water or pin c ethanol as solvent, the corresponding numbci of moles of solvent that had moved 
pel faraday ( ) V'’) was given Wi ar anil Amis'"’ then employed a computer to determine the solvation 
ntimbcis ot the individual ions m I iCl, NaCI, and KCI solulions Irom their values As shown 

below, however there evists much evidence in the literature that the basic postulate of the method is 
inv.ihd, and the calculated solvation numbers are therelore devoid of any simple physical meaning 
The idea of adding a rcicrcncc nonclcetrolvte to determine migration ol solvent was lirst pro- 
posed by Nt-RNst'"’ m 1900, and a summary ot the work earned out up to 1939 has been given by 
Ma( iNNts inthesameyear, biscHFRand K.oVAL'‘''’icportcd that tiansferencenumbersinacjueous 
sulphuric acid changed when various noneleclrolytes (urea, acetone or sucrose) were added to the 
solulions, and they suggested that pait ol the leferenec substance tiavcis with the ions More con- 
clusive evidence in support ol this mlerpictalion appeared alter the end ol World War IJ Longs- 
vvoRin'"’, using the more accurate moving boundary technique, found that not only did AA' in 
aqueous 0 23/ LiCl solution depend upon the reference substance employed, but even on extrapo- 
lation to zero concentration of added nonclcctrolyte the results -I 16 for urea and 1 94 for 
rallinose — ditTeicd by over 50 per cent CJreater variations still were discovered by Hah and ue 
Vries"”’ in their Hittorf experiments vv ith aqueous solutions ol tctra-alkylammonium iodides with 
0 1 A/ NMCjI, tor example, AA^ was four with maltose as reference substance six with acetone, and 
twenty with ethyl acetate I heir data was equally well accommodated by the hypothesis that the 
water was stationary and that each mole of iodide ions was associated with 0 011 mole maltose, 
0 029 mole acetone or 0 10 mole of ethyl acetate, respectively This alternative interpretation of the 
results is eminently reasonable since the molecules of the reference substances are polar and so 
interact with and are transported by the ions, and the curious inconstancy of AA^ is thereby readily 

D M Mathews,) O Wear, and b S Amis, / Ahc/ Chem 13,298 (1960) 

W V Chii Ds and r S Amis, lAii/ 16,114(1960) 

J O Wear, C V MtNully, and b S Amis, 18, 48 (1961) 

J O Wear, C V McNuily, andb S AiM\s, ibid 19,278 (1961) 

J O Wear, C V MiNully, andb S Amis, iW 20,100(1961) 

"" J O Wear,) T Curtis Jr , and b S Amis, iW 24, 93 (1962) 

J O Wear and b S Amis, thul 24, 903 (1962) 

IB) Nernsi, Nachi kgl Gei fT/ss Gottingen, 68 (1900) 

D A MacInnes, The Pnnuples of Electiothenusirv, Rcmhold, New York, pp 91-95 (1939) 
1101 p 2 FisciJiR and T b Koval, Bull Sci Umr Km no 4, 137 (1939) 

"" b G boNGSWoRTH, / Amei Chem Soc 69, 1288(1947) 

C H Hale and T oe Vrils, ibid 70, 2473 (1948) 
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explained The reference subslantes, then, arc no more inert than the solvent itself'*', and the 
evidence from the above and other experiments"*’ shows conclusively the incorrectness of the funda- 
mental assumption that the added nonelectrolytc but not the solvent is stationary in the electric 
field The AN^ and AG^q] values obtained are thus no more than convenient parameters with which 
to express the experimental results"", and the so-called solvation numbers calculated from them 
by Wfar and Amis'" do not have the significance that their name implies 

M Spiro 


Deporlnicnl of Owmistry 

Imperial College of Science and Tethnoloi^y 

London S IV 7 


"■"A R CiURDON, Ann Rei Pfiji C hem 1,61(1950) 
""A Hunyar, 7 Amer Chein Sen 71, 3552(1949) 


Diosmium oxyoclachloride* 


{Received \ 5 Match 1963, in lerised/oiiii I Apid 1963) 

Chlorinaiion of osmium at 650 700 is known to give OsClj in 50 65 per cent yield along with a 
small amount of more volatile material described as a mixiuie of chlorides 

When the chloi ination was can icd out with a 15 to I mixture of Cl, and air, crystalline Os^OCie 
was isolated m 77 percent yield ,is well as OsCI, ( 10 percent) T reshly prepared, the oxychloride was 
soluble in petroleum ether, ben/'cnc, and ether, and it w.is very hygroscopic 1 he infrared spectrum 
showed a medium baiul at 10 02 /r (OsO) that disappeared on brief exposure of the sample to moist 
air 

The only true osmium oxychloride previously repotted is (>sOCl 4 prepared by treatment of 
osmium with an S 1 ratio of Cf and Oj at 400 The structure Cl, (9s () — OsCI, is plausible for 
the new oxychloride in view of the existence of Os' in OsT,,'’’" and of penlacoordinate Os in OsOC I, 
and (JsOjbj I he close similaiity in properties between ReOCI, and (^sOCl,"" suggests that the 
unknown RcjOC'Is m.iy he capable ol existence 

Attempted sublimation of OsjOCla at 125 , 5 mm gave a sublimate of OsCU Found Cl 35 93, 
Os, 63 83 Calc forOsCl, Cl, 35 87, Os, 64 13",', The oxychloride deliquesced during the rapid 
transfer to the mtrogcn-lilled sublimation lube 

20S + 4CI, t '.O. »-CI,Os--0- OsCI, 

7IMO 

iiiin 

C'l ,Os — O — OsC I , OsCI 3 b Residue 

Riepaia/ian 

A 1 m length of 25 mm dia Vycor tubing was heated to 675 700’ in a 33 cm furnace The 
tube was insulated up to 35 cm beyond the furnace and inclined slightly fiom the horizontal to permit 
'aler (low of the product from the hot zone After (he tube was flushed with nitrogen 8 0 g of 10 
mesh Os sponge was added in a poicclain boat, (he tube was flushed with mitogen and a mixture of 
< I, and air in a volume ratio of about 15 to I vvas introduced at a r.ite of 1-4 bubbles sec (or 9 hr 
A red-brown liquid formed and slowly ciyst.illizcd beyond the furnace The tube was cooled under 

* This investigation was conducted under U S Air Force Contract M 33(616)-7214 monitored 
by the Materials Ccntial Aeronautical Systems Division, W right-Fatterson \ir Force Base, Ohio 

O Run and F Bornimann, y? anoii; fTir/n , 65, 446 ( 1910) 

M A Hi PwoRiii and P I Robinson J Inoii; j\iicl C /irm , 4, 24 ( 1957) 

G B H AR(,RFAVI s and R D PtAtocK.y Chem Voc , 2618 (1960) 

Ci H Cady and G B IfARcatrAVis. 7 Chem ior , 1568 (1961) 
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A nitrogen stream, the OsCI, that had collected immediately beyond the hot zone was removed from 
the entrance end, and the OsjOCl, removed from the exit end under nitrogen From 5 51 g ol 
consumed Os was obtained I 0 g (10 per cent) ol OsClj and 7 6 g (77 per cent) ot OSiOCIj Found 
Cl, 4165, Os 55 97. O, 2 38 (by dillerencc) Calc forOs.OCl, Cl, 41 70, Os, 55 92, 0,2 35“;, 
Calc lorOsOCI, Cl, 40 75, Os, 54 66, O 4 59"., 

Without an in ihc ( I, stream the preceding piocedurc yielded 85 pei cent OsCI^, no purih- 
catioif” was necessary 1 ound Cl 42 67, Os 56 87 Cale for OSCI4 Cl, 42 72, Os, 57 28",, 

t li D( /hii /UK Ilf R L StiiAAF 

H'miik/oIIc ( luiiiiiiih Cm pot III ion 
] iiiijo/ti \fi(Jiii;iiii 
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ERRATUM 

A G Massey Pentdcarbonylacrylonitnletungsten, J fnorg. Nucl CTie/w. 24 , 1172- 
1 174 (1962) Page 1174, table, column 4 

for “C -N Stretch” read “C— N Stretch” 

C= O Stretch O Stretch 

C- O Stretch C=0 Stretch 

C O Stretch C -O Stretch 

C--0 Stretch Stretch 

C--C Stretch C=-C Stretch 
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BROMINE EXCHANGE IN GRAPHITE-BROMINE 
LAMELLAR COMPOUNDS* 


S Aronson 

Brookhaven National Laboratory Upton, New York 

( Received 21 Jaiuiaiy 1963, in revised form 20 rehiiiary 1963) 

Abstract -A kinetic study of the exchange of normal and radioactive bromine in graphite-bromine 
lamellar compounds has been made at temperatures of 30 to 50 C Natural and synthetic powders 
were investigated Two alternative mechanisms for the exchange, volume diffusion and surface 
exchange, were considered The data were in better agreement with the dilTusion mechanism Diffu- 
sion coefficients of 10 “-10 “ cm-/sec and an activ.ition energy of 11 14 kcal/mole were calculated for 
the natural graphite powders The diffusion coefl'icienls increased with increasing bromine content 
Reversibly absorbed biominc exchanged more rapidly than irreversibly absorbed bromine 

Bromini is one of a group of substances which is able to penetrate between the planes 
of the graphite structure to form lamellar compounds ''''*> A continuous range of 
graphite-bromide compositions up to a limiting composition of QBr is formed 
It IS difficult to determine to what extent solid solution reeions exist and to what 
extent compounds of dehnitc stoichioinctry occur Maire and Merino*^’ have 
concluded, on the basts of X-ray and vapour-pressure data, that two types of bromine 
layers occur, Type I and Type II Below a composition of approximately CigBr, 
bromine penetrates only between some of the graphite planes to form bromine layers 
of Type I These layeis have two-dimensional crystallographic order At the com- 
position C\oBr, there is a bromine layer for every two carbon layers and the structure 
has achieved three-dimensional order Above a composition of Cii,Br, additional 
bromine is added to some of the bromine layers to form layers of Type TT At a 
composition of C^Br, all the layeis are of Type II 

It is evident from this unusual picture of compound formation that the graphite- 
bromine system is complex The complexity of the system is further illustrated by 
the facts that the added bromine is only partially ionized, a hysteresis loop is observed 
m moving through a bromine vapour-pressure cycle, and only part of the bromine 
can be reversibly removed and icadsorbcd by changes m vapour-pressure 

Hoot tv'®’ has studied the rates and extent of brommation of natural graphites 
of various particle sizes The amount of bromine absorbed was found to be dependent 
on the particle size of the graphite Large crystals (1 to 2 mm) formed the composition 

*7his work was performed under the auspices of the United Stales Atomic Fncrgy Commission 

G R Wi-Hmcj, Intti'ilitial Compounds of Graphite, Pi oy^ras nt Inoisyamc Cheniistr),\o\ 1 (Edited 
by F Albert Cotton), Intcrsciencc, New York (1959) 

W Rudorff, Oiaphitc Inteicalation Cornpoundi, ■idiances in Inorganic Chemistry and Niiileai 
Chemistry, Vol 1 (Edited by H J Emcicus and A G Sharpe), Academic Press, New York (1959), 
""A R Ubbfiohdi and F A Lrw is, Ciop/n/e am/ /A CirvCof CompoinuA, Clarendon Press Oxford 
(1960) 

'*’3 Mairf and J MrRWi,, Pioceedin^^s of the Ihiid Conference on Caihon p 337 Pergamon Press 
London (1959) 

J G Hoolfy, Canad J Chem 40, 745 (1962) 
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Cfjfir over d wide range of partial pressures The biomine content of small crystals 
increased with increasing partial pressure Hooley measured rates of bromination 
at temperatures of -I2“’-20'C The initial rates were inversely proportional to 
bromine content with an activation energy of 2 4 kcal/mole 

The purpose of the piesent study was to obtain information on the mobility of 
bromine in graphite -bromine compounds Rates of exehange of normal and radio- 
active bromine in graphite -bromine pow'ders have been investigated between 30° and 
50 C' Possible mechanisms for the exchange are discussed and the etfects of 
tempeiatiiie, particle si/e, and bromine content are considered 

rXPPRIMENTAL 

I tah 

Two typss of pun. graphite powder ( 10 p p m impuiilies) obtained from the National Carbon 

Company were used , a natural graphite powder, SPl spectroscopic graphite, and an artihcial graphite 
powder, SP2 spectroscopic giaphite They were fiactionated by sieving The fraetion of SPt powder 
which passed through a 400 mesh scicen ( 37 /<) was designated SPI-37 The sieve fraetion between 

200 and 1 50 mesh (74 105 /i) was designated SPl-74 The sieve fraction of SP2 powder between 100 
and 80 mesh (149-177 /<) was called SP2- 149 The surlace areas ol the SPl -37, SPl-74, and SP2-149 
powders, determined by nitrogen adsorption, were 2 3 16, and 1 3 m'/g respectively The densities, 
obtained by helium displacement measurements, were 2 30 -* 0 04, 2 27 f- 0 02, and 2 14 | 0 02 
g/cm-* respectively The interlayer spacings were determined by X-ray diffraction to be 3 357 -! 

0 002 A, 3 356 - 0 002 A, and 3 364 - 0 002 A respectively for the SPl-37, SPl-74, and SP2-I49 
powders I he highci densities anil smaller interlayer spacings of the SPl powders reflect the greater 
;rystallinc perfection of the nattiial powders as compared to the artificial powder 

Reagent giade bromide was procured from the Pisher Scientific Co A middle fraction of the 
liquid was obtained by distillation in vacuo and was utilized in the csperiments 

Micro K ofiic oh set i at ton s 

The three powders were observed under the optical microscope Small portions of the powder 
weie dusted onto microscope slides and wcie observed at magnifications up to 500 The SP2-I49 
particles were generally oval in shape with diameters ranging between 140 and 190 /( The SPl-37 
powder exhibited a wide saricty of sizes and shapes and surface structures The smallest dimensions 
of the particles were between 10 and 50 /.t The smallest dimensions of the majority ol the parUcIes 
ivere between 15 and 35 /< The SPl-74 powder consisted of particles whose smallest dimensions were 
between 50 and 130 microns The majority of the particles had dimensions between 60 and lIO/i 
The range of particle sizes observed microscopically for each of the powders was somewhat wider 
than that estimated from the sieve sizes used The disciepancy may be due to nonuniform openings 
in the sieves and to inaccuracies in estimating particle sizes from microscopic observations on 
rrcgularly shaped particles 

Cxpei imcntal proc cdui a 

Foiination of i^raphile-bromine coinpotinch The experimental conditions required to form 
jraphitc bromine compounds of various compositions were determined with the aid of a quartz 
.pring balance * It had a sensitivity of 1 44 mg/mm A graphite sample weighing about 0 1 g was 
alaced in a quartz pan and attached to the spring The sample chamber was evacuated to 10 ■* mm Hg 
The sample temperature was controlled to -L-0 FC by use of a water bath or a large Dewar vessel 
Tubes containing liquid bromine were connected to the system, evacuated and ihermostatted sepa- 
ately The bromine was allowed to enter the sample tube and weight changes were recorded The 
jressure of bromine was calculated from the temperature of the bromine liquid using the equation 
jf Fischlr 

logP “= 2199 O/r- 4 150 log T r 19 9618 (1) 

The pressure P is in mm Hg T is m degrees Kelvin 

*The spring was obtained from the Microchemical Specialties Co , Berkeley, California 
J Fischer and J Binole, / Amer Chem Soc 77, 6511 (1955) 
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Bromine exchange The bromine exchange experiments were performed in the apparatus shown 
m Fig 1 A weighed amount (0 1-0 4 g) of graphite powder was placed on the sintered quartz disk, in 
the “U” tube The sample was evacuated and exposed to radioactive bromine After sufficient time 
was allowed for the complete formation of the graphite-bromine compound (above 2 hr), the ‘ U” 
tube was closed off The rest of the system was evacuated for 30 min to remove radioactive bromine 
from the silicone grease used in stopcocks and joints Normal bromine was then passed through the 


TO VACUUM 



Flo I -Bi online exchange system 


sample at the brominating pressure and was collected by eeindcnsation in one of the collection tubes 
immersed in an ice-bath In some eases, the radioactivity of the collceted bromine sample was 
measured directly by placing the collection tube in a '-counter In other cases, the bromine was 
dissolved in a basic solution ol sodium thiosulphate and an aliquot was taken Alter a number of 
bromine samples were collected, the “U” tube was shut off from the bromine reservoir The remov- 
able bromine remaining in the graphite sample was drawn into a collection tube tor one hour by 
condensation in liquid nitrogen This linal sample of bromine and the graphite sample itself were 
then counted Corrections were made on all the samples for radioactive bromine trapped in 
the grease and in the unoccupied volume of the ‘ U ’ tube by making blank runs in the absence 
of graphite 

The radioactive bromine samples were obtained by exposing normal bromine to a thermal neutron 
flux of approximately 10” neutron cm/see for several minutes in the Brookhaven Graphite Research 
Reactor The only relatively long-lived isotope formed, bromine-82, has a half-life of 35 7 hr 

The validity of the exchange procedure was established by obtaining data on powder samples of 
various weights The data obtained from exchange runs were used only it similar results were 
obtained for different weights of sample 

Fxperiments in which the temperatuic of the bromine reservoir was above room temperature 
were performed with the whole system surrounded by a plastic enclosure The air within the 
enclosure was heated to above the temperature of the bromine 

KINETIC EQUATIONS 

The physical model that is used for each of the graphite powders is that of a 
group of right circular cylinders of varying diameter It is assumed that the particles 
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have a uniform weight distribution throughout the range of particle sizes The 
graphite planes are assumed to he perpendicular to the edges of the cylinders Bromine 
exchange between the solid and the gas occurs only at the edges Although this model 
IS highly idealized, it has a qualitative resemblance to the real systems It is useful 
in correlating the experimental data and in obtaining semiquantitative kinetic 
information 

Two possible latc controlling processes for the istopic exchange of bromine in 
graphite aic the scIf-difTusion of biominc in the giaphitc and the exchange between 
adsorbed and gaseous bromine at the surface of the giaphite For uniform cylindrical 
particles, the dilfiision equation is, in the case of a constant surface concentration,'^’ 

-y 1 - i {4/K,r) exp ( -DrKJIu-) (2) 

n 1 

y' IS the fractional degree of completion of the exchange and varies from a value of 
zero to one D is the dilfusion coeflicicnt and t is the time The symbol, a, refers to 
the particle radius The constants are zcrcss of the Bessel function of the hrst 
kind oi ordci zero 

A general kinetic equation for a distribution of paiticle sizes, F(a). is 

rV(i7) det (3) 

“i 

i/j and a, aic the maximum and minimum paiticle radii in the distiibulion The 
disliibution function, f(a). is assumed to be a constant Inserting Equation (2) 
into Equation (3) and integrating, one obtains the equation 

a I (1//? - I) i [4/A;2 [R exp -exp - 

-47r>/-T,/A'„ [eif(A>i) erf(AVi//?)j] (4) 

Erf (A'„Ti) is the ciror function of A^„Tj is defined as the parameter 
R is the ratio ajciy 

A comparison of the curves obtained for R values of 1 and 3 in Equation (4) 
IS shown in Fig 2 The rate of exchange falls off more rapidly with time for the 
larger value of R 

The alternative mechanism, that the rale of exchange between adsorbed and 
gaseous bromine at the surface is rate controlling, is now considered The radioactive 
bromine removed from the solid is assumed to be continuously swept away so that 
the gas phase consists only of normal bromine The first-order kinetic equation for 
uniform particles is 

a ^ 1 — exp( -klja) (5) 

k IS a first-order rate constant The rate of exchange is inversely proportional to the 
surface to volume ratio of the particle and, hence, to l/o Inserting Equation (5) 
into Equation (3) and integrating, we obtain the equation for a range of particle sizes 

a 1 — (l/f? — l)[f? c\p i~T JR) — exp (— Xa) + rjEirJ — E(tJR) — In /?}] 

( 6 ) 

J Crank, The Mathematia of Diffusion, Chap 5, Clarendon Press, Oxford (1956) 


5 '(/) 


J"V„, 

Jn I 


c/)r(a ) da 
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Fig 2 — Comparison of Equation (4) for R values of 1 and 1 


T, IS tlic parameter Av/r/j A(r_.) is an exponential-integral function of r,, i e , 

(1 -- r/v Values for the exponential-integral function can be obtained from 
J(i 


Tables 

A comparsion of the rate curves obtained from Equations (4) and (6) is shown 
in l-ig 3 for a value of /? — 2 It is obscived that the dilfusion curve falls off more 
lapidly with time than does the surface exchange curve 


^2 



Fig 3 — Comparison of Equations (4) and (6) for an R value of 2 


RESULTS AND DISCUSSION 

The experimental conditions under which the bromine exchange luns were 
performed are summarized in Table 1 The graphitc-bromine compositions studied 
were chosen to be m the range between the pure Type I compound (CigBr) and the 
pure Type fl compound (CrBe) discussed by Maire and Mfring<^’ Bromine com- 
positions close toCgBrwerc not studied to avoid thepioblems of capillary condensation 

Tables of the Generalized Exponential Inleeial Functions, Harvard University Press, Cambridge 
(1949) 
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Pabif 1 Information on iiif rromini FxciiANor expfriments 


Run no 

Type of 
grjphitc 

Br/C 

atomic 

ratio 

Graphite 
tempera- 
ture ( C ) 

Bromine 
pressure* 
(mm Hg) 

Relative 

pressuret 

PlPo 

Ratio of bromine, 
rcsiduc/lamellar 

L-23 

SP2-149 

0 049 

30 0 

125 

0 49 

0 24 

1 -43 

SP2-I49 

0 049 

30 0 

125 

0 49 

0 23 

r-iu 

SP2-149 

0 049 

38 0 

191 

0 54 

0 24 

L-40 

SP2 149 

0 049 

38 0 

191 

0 54 

0 24 

i:-46 

SP2-I49 

0 049 

48 0 

342 

0 66 

0 24 

E-16 

SP2-I49 

0 049 

48 0 

342 

0 66 

0 23 

L-22 

SP2-149 

0 0('i7 

30 0 

191 

0 74 

0 21 

I -50 

SP2-I49 

0 066 

38 0 

297 

0 84 

0 23 

r-5!t 

SP2-149 

0 064 

38 0 

191 

0 54 

0 24 

i:-44 

SPI-37 

0 082 

30 0 

125 

0 49 

0 18 

r-25 

SPI-37 

0 082 

30 0 

123 

0 49 

0 16 

r.-32 

SPI-37 

0 082 

38 0 

191 

0 54 

0 17 

L-41 

SPI-37 

0 082 

38 0 

191 

0 54 

0 17 

L-37 

SPI-37 

0 082 

48 0 

342 

0 66 

0 15 

F-45 

SPI-37 

0 103 

30 0 

191 

0 74 

0 15 

E-52 

SPI-37 

0 100 

38 0 

297 

0 84 

0 16 

b-60: 

SPI-37 

0 100 

38 0 

191 

0 54 


L-56 

SPI-74 

0 085 

30 0 

125 

0 49 

0 27 

j:-4« 

SPI-74 

0 085 

38 0 

191 

0 54 

0 28 

L-57 

SPI-74 

0 085 

48 0 

342 

0 66 

0 26 

F-53 

SPI-74 

0 108 

38 0 

297 

0 84 

0 25 

L-5‘n 

SPI-74 

0 104 

38 0 

191 

0 54 



* Pic'-suri.s were ealeulated from the' lenipe'iatuic eif the bromine rcscivoir using Tcjuation (1) 
t 7 he relative piessure is the ratio of the bromine pressure over the graphite to the vapour pressure 
of liquid bromine at the temperature of the graphite 
X In these experiments, the samples were prepared at a relative pressure of 0 84 The relative 
pressure was low eted toO 54 bcforeeachexehangcrun 

and extensive surface adsorption It is observed in Table 1 that the natural graphite 
powders contain almost twice as much bromine as the artilical powder under equiva- 
lent conditions This agrees with the results of Maire and Mering*^^ who attributed 
the greater uptake of bromine in natural graphite to the more nearly perfect lattice 
structure The work of Hooley'®' indicates that the amount of bromine absorbed 
by graphite may also be a function of particle and crystallite size This may account 
for the small ditferences in bromine content between SPI-37 and SPI-74 powders 
The final step in each exchange run was to connect the sample chamber to a liquid 
nitrogen trap for 1 hr to remove the reversibly absorbed bromine The fraction of 
bromine which could not be removed by evacuation, forming the so-called “residue 
compound”, is shown m the hnal column of Table 1 

Within the range of experimental conditions employed, the rate data were in- 
dependent of the flow rate of the bromine gas and the weight of the graphite sample 
It was necessary to maintain the space surrounding the graphite sample almost free 
of radioactive bromine m order to approximate the boundary condition employed 
in Equations (4) and (6) The flow rate of the normal bromine was kept sufficiently 
high so that its rate of condensation m the collection tube was at least twenty times 
as high as the rate of collection of radioactive bromine from the graphite sample 
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The rate data obtained m the exchange runs are summarized in Table 2 Several 
exchange runs are plotted in Fig 4 The rate data were compared to the two mecha- 
nisms discussed in the previous section Much better agreement was obtained with 
the diffusion mechanism than with the surface exchange mechanism However, some 

Table 2 — Rate data in the bromine exchanof fxpfrimfms 




Br/C 


Relative 

Diffusion 

Activation 


Type of 

atomic 

Tempera- 

rate 

cocfTicient 

energy 

Run no 

graphite 

ratio 

ture ( C) 

constant 

(cmVscc 10') 

(kcal/mole) 

r-23 

SP2-149 

0 049 

30 0 

I 


12 

t-43 

SP2-149 

0 049 

30 0 

1 



E-39 

SP2-149 

0 049 

38 0 

1 6 



r-40 

SP2-149 

0 049 

38 0 

1 6 



r-46 

SP2-149 

0 049 

48 0 

3 2 



[:-36 

SP2-149 

0 049 

48 0 

3 3 



r-22 

SP2-149 

0 067 

30 0 

1 6 



E-SO 

SP2-149 

0 066 

38 0 

26 



E-51 

SP2-149 

0 064 

38 0 

2 7 



E-44 

SPl-37 

0 082 

30 0 

1 

3 0 

14 

i;-25 

SPl-37 

0 082 

30 0 



h-32 

SPl-37 

0 082 

38 0 

1 7 

5 1 


b-41 

SPl-37 

0 082 

38 0 

1 8 

5 4 


1 -37 

SPl-37 

0 082 

48 0 

3 8 

11 4 


E.-45 

SPl-37 

0 103 

30 0 

1 5 

4 5 


F-52 

SPl-37 

0 100 

38 0 

3 0 

90 


F-60 

SPl-37 

0 100 

38 0 

2 8 

84 


i:-56 

SPl-74 

0 085 

30 0 

1 

4 3 

11 

1 -48 

SPl-74 

0 085 

38 0 

1 7 

7 3 


r-57 

SPl-74 

0 085 

48 0 

2 9 

125 


r-53 

SPl-74 

0 108 

38 0 

3 1 

13 3 


1 -59 

SPl-74 

0 104 

38 0 

2 8 

120 



systematic deviation was observed fiom the diffusion model It was, therefore, 
decided to first make an internal comparison of the data for each powder The 
compaiison was based on the assumption that the kinetic curves for each powder 
are independent of temperature and composition if the time parameter is modified 
by the proper proportionality constant Equations (4) and (6) arc examples of such 
an assumption Curves E-23, E-43 for SP2-149, E-25, E-44 for SPl-37, and E-56 for 
SPl-74 were considered as “standard” curves to which the rest of the data could be 
compared The time required to reach a specified fi actional completion at tem- 
perature was compared to the time required to reach the same fractional completion 
at 30^'C Some of these plots are shown in Figs 5 and 6 The linear nature of the 
curves indicates that a single kinetic mechanism can account for the data for each 
powder at the different temperatures The relative rate constants, calculated from 
the slopes of the lines m Figs 5 and 6 and from some additional data are shown in 
Table 2 The results indicate that the three powders behave kmetically in a similar 
manner It is observed that the rate constant increases with temperature and with 
bromine content In runs E-51, E-60, and E-59, the pressure of bromine was lowered 
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'lom 297 to 191 mm Hg prior to the exchange Tins change m pressure had little 
;fTect on the composition of the solid This is an example of the hysteresis phe- 
lomenon obseivcd*' " in graphite bromine compounds The rate of exchange was 
ilso approximately independent of the pressure 




FRi 5 — Relative rates of bromine exchange for SPl-37 and SP2-149 powders 
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I'ki 6 —Relative rates of bromine exchange for Sl’1-74 pouder 

I he rate data were compared with Equations (4) and (6) It was previously observe 
that the paiticle sires iii the SPl-37 powder langed fiom 10 to 50 /« with the majority 
of them between 15 and 35 // The SPl-74 powder particles ranged from 50 to 130 
Most of the particles wcie between 60 and 1 10 // It is likely that the natural graphite 
powders weie approximately in the form of flat plates and were viewed parallel to 
tlicir thm edges This conclusion is supported by the fact that the surface areas 
(2 3 and 1 6 m-/g) are much too large for particles of approximately spherical geometry 
F'urthermoie, the dilTerencc m surface area between the SPl-37 and the SPl-74 
graphites is small The pailicles in the two powders are probably approximately 
equal in thickness Most of the surface area is perpendicular to the thin edges through 
which the reaction is assumed to piocecd Most of the surface is, therefore, inactive 
in the exchange Eor convenience, thegiain stiucture w ithin the pai tides was ignored 

The physical model which was taken for the natural powders was one of right 
circular cylinders wilh a uniform weight distribution from 15 to 45 /i foi the SPI-37 
powder and from 60 to 120 microns for the SPl-74 powder A uniform distribution 
of particle weights was assumed for convenience It was felt that a description of 
each powder in teims of a range of particle sizes would be more accurate than a 
description involving an average particle size Howevei, because of the \aiiety of 
sizes, shapes, and surface structures observed in the powders and because of a lack 
of knowledge of the edge thickness of the particles, it was deemed inadvisable to 
attempt a careful statistical count of the particles The assumption of a uniform 
weight distribution was found to be amenable to a relatively simple kinetie treatment 
and was, therefore, used No attempt was made to estimate a lange of particle sizes 
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for the artihcial powder, SP2-149 The particles probably do not approximate flat 
plates 

A comparison ol one of the experimental curves shown m Fig 4 with theoretical 
curves calculated fiom Fquadons (4) and (6) is shown in Fig 3 The time axis of the 
experimenlal curve has been adjusted to meet the theoretical curves at fractional 
completions of zero and 0 70 For a fractional completion of 0 70, the reaction time 
of 6 mm in Run h-48 corresponds to a value for of 0 3 and a value for of 
I 7 and t, are directly propoi tionai to the reaction time on the basis of Equations 
(4) and (6) The data aie in much betlei agreement with the diffusion equation, 
Equation (4), than with the siiiface exchange equation, Equation (6) The rest of the 
data on SPI-74 and SPI-37 powders showed similar agreement with the theoretical 
cLiises This compaiison with the theoietical curves and the lack of any pressure 
dependence of the exchange late indicate that the rates of exchange arc governed by a 
bulk dillusion process The deviations from the theoretical diffusion curves can be 
attributed to particle size and shape effects and to the fact that the particles aie not 
single ciystals and have some internal grain structure 

Ditlusion coelhcients were calculated for the natural powders by comparison ot 
the data with the theoretical diffusion curves R values of 2 and 3 were used in 
Equation (6) for comparison with the SPl-74 and SPl-37 data respectively The 
calculated dillusion coefficients arc shown in Table 2 The agreement between the 
two powders is reasonably good The data is not sufhciently accurate to warrant a 
discussion of the differences observed between the two powdeis The activation 
energies calculated from the tcmpcialiire dependence of the exchange were in the 
range of 1 1 -14 kcal/mole Only a limited temperature range. 30"’ 48'’C, was employed 
in this study because of experimental difficulties in using the exchange technique 
at higher and lower tempeiatuies 

A comparison of bromine exchange in the reveisibly absorbed and irreversibly 
absorbed biominc is shown in Table 3 The fractional completion data for the 
leversibly absorbed and irreversibly absorbed bromine were obtained after draw'ing 
the bromine into a liquid nitrogen trap for one hour and counting the collected 
bromine and the graphite “residue compound ” The exchange in the irreversibly 
absorbed bromine was less than in the reversibly absorbed bromine in each case 
This may indicate that exchange is less rapid in certain regions of each particle than 
in other regions because of structural differences On the other hand, the regions 
containing the irreversibly absorbed bromine may be near the centre of the particles 
as IS suggested by Hoot rv*’’’ In this case, one would expect less exchange in these 
regions because of smaller concentration gradients The effect of the irrcveisibly 
absorbed bromine on the exchange kinetics requires further investigation 

It was observed above that a decrease in the bromine pressure had little effect on 
the bromine content of the solid or on the rates of exchange Since bromine exchange 
and the decomposition of graphite-bromine compounds in vacuo* are rapid, it seems 
evident that the bromine is not impeded kinetically from leaving the solid when the 
pressure is lowered The graphite-bromine composition is probably thermo- 
dynamically stable over this range of pressures The reason that a lower composition 
IS obtained if one adds bromine to graphite at the lower pressure is obscure, however 


Unpublished data 
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Tables — Comparison of bromine exchange in reversibly absorbeu 
AND irreversibly ABSORBED BROMINE 


Fractional Fractional 
exchange in exchange in 

Br/C Graphite Total reversibly irreversibly 

Graphite atomic temperature Reaction fractional absorbed absorbed 


Run no 

type 

ratio 

(“C) 

time (min) 

exchange 

bromine 

bromine 

E-27 

SP2-149 

0 049 

30 0 

2 

0 60 

0 65 

0 43 

E-23 

SP2-149 

0 049 

30 0 

35 

0 96 

0 98 

0 91 

E-40 

SP2-149 

0 049 

38 0 

5 

0 83 

0 88 

0 67 

E-39 

SP2-149 

0 049 

38 0 

35 

0 98 

0 99 

0 95 

E-46 

SP2-149 

0 049 

48 0 

20 

0 99 

0 995 

0 96 

F-26 

SPI-37 

0 082 

30 0 

2 

0 80 

0 84 

0 63 

E-44 

SPl-37 

0 082 

30 0 

35 

0 98 

0 99 

0 93 

E-42 

SPI-37 

0 082 

38 0 

5 

0 96 

0 98 

0 87 

E-32 

SPl-37 

0 082 

38 0 

35 

0 99 

0 995 

0 95 

i:-56 

SPl-74 

0 085 

30 0 

60 

0 94 

0 97 

0 87 

r-57 

SPl-74 

0 085 

48 0 

35 

0 97 

0 99 

091 


For kinetic reasons, bromine is, apparently, unable to penetrate into some of the 
regions in the graphite particles The primary difference between the two compositions 
studied in each powder appears to involve the fraction of each particle that is bro- 
minatcd rather than the concentration of bromine in the interlayer spaces The higher 
rates of exchange observed for the graphite-bromine compounds of greater bromine 
content may be due to an increased number of diffusion paths to the surface resulting 
fiom the opening up of new regions to the bromine 

The work of Hoolfy*^’ indicates that the bromination of graphite results in a fixed 
composition of QBr above a PiPf, value of 0 5 However, the idea of a constant con- 
centration of bromine in the interlayer spaces over a range of pressure is not in accord 
with the conclusions of Maire and Merino*"’* drawn from X-ray diffraction studies. 

The activation energies of 1 1-14 kcal/mole observed for the diffusion of bromine 
in graphite-bromine are higher than activation energies observed for various kinetic 
processes involving the mterlayci spaces in graphite Activation energies of 2-3 
kcal/mole have been observed for the bromination of graphite,*^* the formation 
of graphite-fernc chloride compounds,*” and the diffusion of xenon*’*'* and, 
interstitial carbon atoms*”* in graphite fn the case of bromine diffusion 
the interaction among the bromine molecules themselves is probably more 
important than the interaction between the bromine and the graphite planes The 
space allowed for the bromine between the carbon planes, 3 70 A.*' is probably 
sufficiently large to permit easy movement of bromine m the interlayer spaces The 
density of bromine between the planes is fairly high, however A density of 3 42 
g/cm® has been calculated*” for the bromine layers m CgBr compared to densities 
of 3 12 and 3 4 g/cm^ for liquid and solid bromine 

' " J A Barker and R C Crof i, Auslral J Cfiem 6, 302(1953) 

T Nakai, S Yajima, K .Shiba, J Osuci and D Shinoda Client Soc Japan 33, 497 (1960) 
"" D G Schwfitzer, F/iv? Rev 128, 556(1962) 
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Abstract— Dilute solutions of sodium in liquid ammonia at —78 C were prepared in quartz ampules 
Picvious work has shown that such solutions react with strongly adsorbed water on the container 
surface After allowing the solution to react, the ammonia was pumped off The residue evolved 
hydrogen when heated in vacuum This suggests that the residue contained sodium hydride Hence, 
not all the hydrogen formed in the reaction is evolved from the blue solution, but some remains 
behind chemically combined with sodium 

Thf Wide use of Pyrex and quartz containers in the study of dilute solutions of alkali 
metals in liquid ammonia makes it desirable to understand the effect that a glass 
surface has on the stability of the metal -ammonia system In a previous paper*^’ 
evidence was presented which suggests that the initial instability of a dilute solution 
of sodium in liquid ammonia at -78X is due to a reaction between strongly adsorbed 
water on the Pyrex surface and the metal ammonia solution in which hydrogen gas 
IS evolved The picsent investigation is conceined with the question of whether all 
the hydrogen is evolved as hydrogen gas or some remains behind in the blue solution 
forming an intermediate species such as hydride With this in mind, the residue 
from a dilute solution of sodium in liquid ammonia is tested for a possible source of 
hydrogen under defined experimental conditions 

tXPERIMLNTAL 

A simple procedure for Icsting the sodium residue for .i source of hydrogen is hc.Umg the residue 
from a dilute solution of sodium in liquid .immonia under dchned conditions and observing how much 
gas IS evolved 


VACUUM 



Test for presence of adsorbed walei on container surface 

A technique for transferring small quantities of sodium (10 "moles) under "stick" vacuum 
conditions (less than 10 " mm Hg) has been previously described Briefly, this technique consisted 
ol distilling sodium onto the surface of a glass ball containing a small piece of iron imbedded in it 
By means of a magnet the coated ball was transferred from region /4 to B (Fig 1 ), and the sodium was 

1 Warshawsky, y /narp Niicl Chem 25,601 (1963) 
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distilled from the glass ball surface onto the wall of region B Evolution of hydrogen was taken as 
evidence for a reaction between the sodium and water adsorbed on the glass surface 

Since It could be baked at higher temperatures than a Pyrex ampule, a quartz ampule was used in 
the present experimental work The results obtained in baking region B under “stick” vacuum 
conditions arc summarized below 

1 ABLL 1 


Treatment 




of quartz 

Treatment 


Pressure of 

ball 

surface B 

Time 

gas evolved 

( C) 

( C) 

(hr) 

O') 

600 

600 

20 

0 35 ± 0 03 

830 

830 

20 

0 35 ±0 03 

830 

830 

80 

0 35 L 0 03 


Aftci the sodium had been distilled onto surface Band the pressure of gas evolved measured by 
means of a calibrated McLeod, the gas was pumped out of the system, and a second distillation of the 
sodium along surface B was carried out Under this treatment a smaller quantity of gas was evolved, 
~0 05 /i '1 he leak rate of the system was approximately 0 05 ii pci hour 

Pri paratton of blue whilHoi 

A quartz ampule prcsiously baked at 830 C for 20 hi was used to prepare the blue solution 
About 10 “ mole of sodium were distilled onto the wall of region B while pumping under “slick ’ 
vacuum conditions Then 3 ml of degassed liquid ammonia were distilled into region B at - 78 C 
forming a blue solution 

Evohnion oj qas ftom the blue solution 

After the blue solution h,id been prepaicd, a liquid nitrogen bath was placed aiound the ampule 
at region B A small pressure of — 1 /< (~5 10 " mole of hydrogen) was measured by means of a 

calibrated McLeod (There was .i tr.ip with a liquid nitrogen bath around it between the McLeod 
gauge and the ampule ) 

Study of sodium residue 

After the pressure measurements, the ammonia was distilled out of region B, leaving behind a 
sodium residue at the bottom of region B The residue was pumped on for about 16 hr under “stick” 
vacuum conditions Then the residue was heated with a yellow flame distilling the sodium along 
surface B A small quantity of gas was evolved as measured by a calibrated McLeod gauge The 
pressure was 1 O/i A sample of this gas was found to contain hydrogen as determined by a mass 
spectrometric analysis After this gas was pumped off, the sodium was distilled a second time along 
the wall in region B with the evolution of a smaller quantity of gas 0 35 0 03 /< Similar results 

were obtained using a quartz ampule that had been baked at 600"C for 20 hr under “stick” vacuum 
conditions 

Test of cjuartz surfaee 

In order to determine whether the gas evolution might be due to a reaction between the sodium 
metal and adsorbed ammonia either on the quartz surface or the sodium metal itself, the following 
procedure was used After 10 “ mole of sodium were distilled onto a quartz ball in region A, 3 ml of 
liquid ammonia were distilled into region B at — 78"C During this procedure the sodium film on the 
surface of the quartz ball located in region A was exposed to the ammonia-vapour The liquid 
ammonia was then distilled out of region B, and the coated ball transferred to region B The system 
was again pumped on for about 16 hr under “stick” vacuum conditions Then the sodium was dis- 
tilled from the glass ball surface onto the wall of region B The pressure of the gas given off was 
0 35 /t After this gas was pumped off, the sodium was distilled a second time along the wall of region 
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B with the evolution of a smaller quantity of gas ~0 05 fi These results agree with those shown in 
Table 1 and suggest that the gas evolution obtained by heating the sodium residue with a yellow flame 
IS due to a partial decomposition of the residue 

DISCUSSION OF RESULTS 

The possibility that hydrogen gas is either occluded or adsorbed in the sodium 
residue independent of any chemical reaction that has occurred in the blue solution 
has been considered previously Evidence was presented indicating that when 
sodium metal is distilled onto the surface of a glass ball located in region A (Fig 1) 
under conditions in which hydrogen gas is both evolved and pumped on, the hydrogen 
gas in not introduced into the distilled sodium This evidence was obtained by trans- 
ferring the coated ball to region B and then, under defined experimental conditions, 
distilling the sodium onto surface B The evolution of hydrogen gas was shown to be 
due probably to a chemical reaction on the surface of the glass rather than to a de- 
gassing of the sodium upon its distillation These considerations suggest that the 
source of hydrogen in the sodium residue from a dilute solution of sodium in liquid 
ammonia is probably the result of a prior chemical reaction m the blue solution 
rather than a reaction of the evolved hydrogen gas with the “pure” sodium residue 

From a viewpoint of simplicity, sodium amide and sodium hydride are suggested 
as two possible sources of hydrogen in the residue from a dilute solution of sodium in 
liquid ammonia In the presence of catalysts, sodium amide is a decomposition 
product in the preparation of a dilute solution of sodium in liquid ammonia, '2) while 
sodium hydride has been observed in the reaction of molten sodium with ammonia 
in the preparation of sodium amide 

When care is taken to prepare a dilute solution of sodium in liquid ammonia 
at low temperatures, there is no evidence for the presence of sodium amide *^3) jhis 
suggests that sodium amide is not the source of hydrogen in the residue but rather 
that sodium hydride is 

An estimate has been made for the per cent “hydride" m the sodium residue 
This was done by comparing the pressure of hydrogen evolved from heating the residue 
with the pressure of hydrogen evolved from reacting sodium that had been distilled 
onto a quartz ball with excess degassed water on the vacuum line From the ratio 
(0 95/24 0 1- 0 95) it is estimated that there is 3 8 per cent hydride present in 10~® 
mole of the sodium residue 

CONCLUSIONS 

The residue from a dilute solution of sodium in liquid ammonia is not “pure” 
sodium but contains a source of hydrogen, which may be tentatively identified as 
sodium hydride This evidence suggests that not all the hydrogen formed from the 
reaction of the dilute solution of sodium m liquid ammonia with the strongly adsorbed 
water at -78°C is evolved as hydrogen gas, but that some remains behind m the blue 
solution 

R LrviNE and W Fernelius, Chem Rev 54, 449 (1954) 

M C R SSMONS, Quart Rev 13, 107 (1959) 
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SOME PROPERTIES OF THE PLATINUM IODIDES 

G R ARGUb and J J Banlwicz 

Texas Rescareh and Tlcctronic Corporation, Dallas, Texas 

(Received 2 May 1962, in levised form 4 Sipleinher 1962) 

Abstract - Iodides oT Pt, Pllj, P1I3, and PtI, have been prepared, their X-Ray diffraction patterns 
obtained, and the magnetic susceptibilities determined PtIj was found to be diamagnetic with 
susceptibility independent of temperatiiic The tcmpeiature dependence of the diamagnetic sus- 
ceptibility of P 1 I 3 and PtI, was ascribed to impurities The contribution to the susceptibility per 
Pt-I bond was found to be essentially the same in all three iodides 

In the course of an investigation of the electrolysis of Ig- systems with platinum 
electrodes, extensive corrosion of the platinum was noted The formation of a deep 
red colour characteristic of pJatinum iodide complexes in a capsule in which platinum 
and potassium tri-iodidc solution had been sealed indicated the direct reaction of the 
platinum and the iodide Fuithcrmorc, in capsules when a bias was applied between 
two platinum electrodes, platinum black was observed to form at the cathode To 
study this phenomenon, the iodides of platinum were prepared PtJ^, PtL, and Pt^ 
have been reported in the literature,*^’ but no crystallographic information is available 
on these compounds The only inlormation available on the magnetic properties of 
these compounds was apparently obtained at room temperature The existence of 
Ptl, has been questioned in the literature It was hoped that from the crystallographic 
and magnetic susceptibility studies, some elucidation could be made of the stiucture 
and existence of the three platinum iodides 

bXPERlMTNTAL 

Pill was prepared by the addition ol pot,issium iodide sniulion to cold chloroplatinic acid The 
black preeipilate w,'is washed thoroughly with water and acetone and dried at 100 C Several 
samples ol the compound were analysed by thermal decompoMtion to platinum at 500 C The 
results of these analyses aic in Table 1 


Tmiii I IniKMAi iircoMi’osi noN or Pil , A I 500 C 


Wt of Sample 

Wt ot Residue 

Pt 

Pt Iheoretieal 

*!?) 

<g) 


(”„) 

0 1574 

0 0533 

33 8 

33 9 

0 2603 

0 0880 

33 8 


0 1621 

0 0516 

13 2 



Ptb was prepared by the slow decomposition of Ptl, at 270 C After heating tor a period of about 
1 5 hr, the amount of iodine lost gave a composition cot lesponding to Ptl , This materia! was sealed 
in an evacuated Pyrex capsule, and tempered for 48 hr at 100 C One sample of the tempered plati- 
num iodide was decomposed to platinum by heating at 500 C The amount of platinum .igain agreed 
to within one part per thousand of that expected for Ptl.. Ptb was prepared by the direct reaction 
J W MriLOR, A Coiripieheii'^ive Treatise on Inoip^anicaiul Ihepieiiiiil Chenii''(r\ , Vo] S 6 Longman, 
Green, London (1937) 

Ya K SvRKiNandV I Bflov a, Izvert Sektorta Platiny 1 Drug Blagorod Metal 25,153 (1950) 
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Tahi f 2 

— X-ray difiraction data for iodides of 

PI ATINUM 


ini. 


BIG 


Ptb 


Rcldlivc 


Relative 


Relative 

d 

iiUcnsily 

d 

intensity 

d 

intensity 

1 934 

(100) 

3 005 

(100) 

3 ISO 

(100) 

5 15 

(83) 

2 901 

(76) 

3 005 

(76) 

1 979 

(77) 

2 486 

(70) 

3 71 

(72) 

3 025 

(73) 

1 963 

(54) 

1 979 

(60) 

4 89 

(63) 



1 963 

(52) 

3 46 

(57) 






of vvcighiLtl .imounts of platinum anil loilinc in an uvacualtd Pyitx capsule at 150 C Ihc platinum 
iodide obtained was tempered at 90 C lor about one hundred hours All three of the iodides were 
black in colour 

X-ray dilTracliun patterns were tun on the iodides, using a North Amcrican-Philips dilTraction 
unit with a copper tube Ihc plane spacings obtained, together with their relative intensities, are 
shown in Table 2 A I araday method was used to determine the magnetic susceptibilities of samples 
of allthreeol the iodides, at tcmpeiatuies Iroin 90 K to about 400 K at held strengths of 500, 1100 
and 1700 oo The espenmental apparatus and procedures have been previously described All 
three ol the iodides had diamagnetic susceptibilities entirely independent of field strength The data 
obtained are shown in I able 3 


TAfILF 3- MaIiNLIK SUSCI PTlItlt tTV OATA FOR PIAllNtlM lODIDFS 



Pll, 



PtI 

1 

1 emp ( 

K) /,„ 10' 

1 emp ( 

K) X,„ lO” 

Icmp ( K) 

/„. 10'* 

83 

102 

83 

90 4 

81 

185 7 

300 

101 

300 

134 8 

300 

200 

433 

102 

400 

142 8 

378 

202 5 


RfSULTS AND DISCUSSION 


The PtI.j and Ptf^ crystallographic data could not be fitted to the cubic, hexagonal, 
or tetragonal systems The PtT^, on the other hand, fitted the cubic system with a 
value of “a" equal to 1 1 3 A The crystallographic data indicated that the Ptij was 
not a mixture of PtI, and Ptl„ but a separate compound 

The temperature independent diamagnetic susceptibility of platinum dnodide is 
close to the value which would be expected for diamagnetic contributions from two 
iodide ions, according to Kllmm*’’' If the compound is ionic, it appears that the 
actual contribution of the iodide ions must be somewhat less than Klemm’s value, 
and that the Pt^“ species contributes only a small amount to the susceptibility On 
the other hand, it is more likely that the bonding is covalent, rather than ionic, and 
that the contribution of Pt-I bond IS 51 X 10 ® e m.u per formula weight This value 
IS somewhat lower than the 61 x 10 “ emu reported by Syrkin and Belova'^\ The 
susceptibilities of the tn- and tetra-iodides are temperature dependent The numerical 
data can be fitted to the equation 


X + b 


c 

T+ A 


J H Banewicz, R F Heidelberg and A H Luxlm, 7 Phys Chem 65,615 (1961) 
W Klemm, Z Anorg Chem 284, 377 (1940), 246, 347 (1941) 
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where b is the total diamagnetic contribution of the constituent ions \ is the Weiss 
constant, and C is the apparent Curie constant The values for the three constants 
are shown in Table 4 The value of b for both iodides should correspond to the total 
diamagnetic contribution of the constituent atoms The major contribution to b is 
made by the iodide in both the triiodide and tetraiodidc 

Tadlf 4 — Wfiss-Curie constants 


b c \ 


Ptlj 161 X 10 “ 717 / 10 “ 26 2 

Pth 219 X 10 ‘ 9 85 10 ’ 202 0 


The bonding m Ptl^ and Ptl 4 is almost certainly covalent In this case, the contri- 
bution to susceptibility per Pt-I bond is 54 .. 10 •'emu for PtI,, and 55 ' 10 **6 mu 
for Ptl 4 The close agreement with the value for Pt^ would then indicate that the 
bonding is the same in all cases Syrkin and Belova reported the contribution per 
Pt-1 bond in Ptl 4 to be 45 x 10 ^ c m u. per formula weight, a value different from the 
contribution of the Pt-I bond in PtI, The temperature dependence is probably due to 
traces of some paramagnetic impurity In Ptl, there is probably a small excess of 
platinum metal From the magnitude of the Curie constant, the approximate amount 
of free platinum in the iodide is computed to be of the order of one part per thousand 
The nature of the impurity in the PtI, is not known 
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ASSOCIATION IN CYCLIC BORONATES AND BORATES 


A Finch and P J Gardnir 

Chemistry Department, Royal Holloway College, University of London, 
Lgham, Surrey, U K 

(Receit’eci 20 Novemher 1962, m revised form iO January 1963) 


Abstract -The molecular weights ol some cyclic boron compounds have been studied over a wide 
concentration range Olan derivatives were far more associated than ihcir man analogues The 
degree of association of some mans was concentration-independent Modes of association are 
proposed 


Si vlrai references to molecular weight determinations of cyclic boron compounds at 
isolated concentrations are to be found in the literature There are also many 
icports of anomalous physical properties (eg, boiling point, viscosity) of cyclic 
dcrivaties relative to their acyclic analogues <LA‘t,s) 

Investigation of a senes of compounds of the type 


X n - 2, 3 

Y - Cl,^, OR 

(CH,)„ B -Y X O. s 
' ^ R alkyl 

X 

indicates two distinct modes of association (a) concentration-dependent association 
and (b) concentration-independent association, with the occasional possibility of both 
The results conhrm the predictions of Dai e<'’* on the relative stabilities of trigonal 
and tetiahcdral boion in five- and si\-mcmbered iings It is clear, from this work, 
that any molecular weight datum obtained at an isolated conceniiation should be 
accepted with reservation 

rXPLRIMTNTAL 

Geneial procedure Compounds (X S, Y <f) were prepared by condensjiig phenyl boron 
dichlonde with the appropriate dithiol All otheis were prepared by condensing boron trichloride 
with the appropriate diol followed by alcholysis for the ester dcrivalnes Ihc majority of the 
derivatives, being moisturc-sensilivc were handled m a dry-bo\, they were distilled under reduced 
picssurc immediately prior to use Precautionary measures weie taken to ensure the absence ot 
pyrolysis or hydrolysis Ihioughout cryoscopic measurements The benzene solvent, of specially 
purified cryoscopic grade (B D H ) was stored over sodium 

Appaialus The cryoscopic cell was ot all glass construction and similar to that of Zemany'"’ 
Agitation w'as effected by means of a chromium-plated stirrer actuated by an external solenoid The 
intcrmiltent pulse to the solenoid was supplied by a slowly-rcsiatmg cam operating a micro-switch 
The icmperaturc-scnsitive clement was a thermistor (F2311/300 Standaid Telephone and Cables 
Ltd ) incorporated in a Wheatstone bridge 

Calihiatiun and errors Using the described equipment. dilTercntial temperature measurement was 


R J BRoruFurON and A L McCioskey,/ Oriy Chcm 26,1668 (1960) 

b W Abel, S H Dandfgaonker, W Glrrard and M F Lappfri.V Chem Soc 4697(1956) 
'■*’ J A Blau, W Gerrard and M F Lapplrt, Z Chcm Soc 4116(1957) 

J A Blau, W Gerrarii, M F Lapperi and B A MouNiiiito and H Pys/ora J Clum 
Soc 380 (1960) 

S H Rose, Diss Ahs 22, 2185 (1962) 

J Dale, B Haroitay and A J Hubert, / Chem Soc 910, 922 and 931 (1961) 

P D Zemany, Analyt Chcm 24, 348 (1952) 
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dccurale lo „0 002 C Assuming the resistance/temperature relation'"’*' for a thermistor to hcR a 
evp [/}/ r], the constants (y4, B) were obtained by comparison with a platinum resistance thermometer 
(Degnssd Hanau) over the range 0-6"C coupled to a sut-inch potentiometric recorder sensitive to 
0 02 C The thermistor was also directly calibrated by determining the constant C in the standard 
form of the tlepression equation Cm.fXR, where ATj molecular weight of solute, - mass 

111 solute, and AB freezing-point depression in ohms The value of this constant was found to be 
within per cent of that calculated from the approximate expression C - MiR RaB/Hm,, where 
R eas constant Bo icsistanccat T,,, \// latent heat of fusion ol the solvent and Td -= freezing 
ptiint of pure solvent Since the bcnzcne/naphthalene system is ideal to almost eutectic concen- 
lialions“'’' it IS legitimate to use the expeiimental value of C in computing molecular weights, 
cryoscopically determined in benzene 

Values of the cryoscopic constant ATj, derived from the equation A', ^ WiCTo^lRoB were 5123 -i 
100 for benzene (Lit 5120), and 7161 '• 100 for nitrobenzene (lit "" 7200) Test runs over the 
eoiieentralion langc 0 01-0 6 M on phenyl boron diehloridc and tn-n-bulyl borate were made, 
giving molecular weights ol 161 (calculated 158 8) and 226 (calculated 232 2) respectively The 
reprodiieibilily of individual runs was ta 0 3 percent 

The reproducibility of runs on the compounds studied varied between LO 3 and | 2 per cent, 
dependent on their stability flic approximations involved m using the standard colligalivc depression 
equation were estimated for a hypothetical compound of molecular weight 150 ideally dissolved in 
benzene and amounted to 0 4, 1 5 and 3 7 percent at the concentrations 0 05, 0 2 and 0 5 M respec- 
tively The accuracy of the experimental data hence depends largely on the purity and stability of the 
compounds rather than (he precision or accuracy of the experimental method 

RLSULTS AND DISCUSSION 

Molecular weights at 0 5M, 0 2M and 0 5M concentrations are listed in the Table 
and the variation of cryoscopic depression with concentration for several compounds 
IS shown 111 f ig 1 



Fig 1 —Graphs of degree of association (a) vs 
Molarity lit Phenyl boion dichlonde IV Tn-n-butyl borate 

V 2-(2'-chloroethoxy) 1 3,2-dioxaborolan VI 2-(n-butOKy) 1 ,3,2-dioxaborolan 
VII 2-(2'-chloroethoxy) 1,3,2-dioxaborinan 
(experimental points for HI, IV and VII are omitted between 0 0 and 0 45 molar) 

J A Bfcker, C B Grpen and G L Pearsom, Bell Sys/ Tech J 26, 170 (1947) 

H A Skinnfr (Editor), Experimental Eheimochemistry, Vol 2, p 168, Interscicnce, New York 
(1962) 

"'"R K Me Ku LEAN and J D Corbett, / Chem Educ 33, 313 (1956) 

Wfissberger (Editor) Techniques of Organic Chemistry Vol 7 Organic Solvents Intersciencc, 
New York (1955) 
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y/;. v/y’< v//..y> /’Av/.y dichlondc nnd tnhutyl borate (III, y i y 

,JU sufp/lur ^..mpoiunh n /// ' Xl) oro mononicrjt at iiU oonccntral/oiis Uad/Vi 

\ll or/u/s d]o\\ a‘,'.cKiai/o/h the elkxt ban^ cs'pec/aily ntarAcd and concentration 

dcpciukiit in the ihe-membered (olan) structures Considering these drst, four models 
for association may be examined 


(I) Boron-oxygen bridging 


( X = Cl) 


Cl 


— o 
O B- 

B 


Cl 


(2) F^oiir-ccntie inleiai.lioii 


CL 


(x = cl) 


o - 


- o 


CL 


(3) Cliionne bridging (X -Cl) 


o Cl O- 

'b b 

O Cl o 


(4) Ten-mombered ring foiination 


Cl- B 


(CHJ. (X Cl) 

o o 

B Cl 


or combinalions of these 

Large-ring foimation (4) may be dismissed, since, as seen in the Figure, the degice 
of association is strongly concentration-dependent, and the energy required for break- 
ing a B — O bond (ca 1 10 kcal /mole'^^^) is not available on dilution in this model 
alone the boron retains the s/7“ (trigonal) configuration, hence nuclear magnetic reso- 
nance measurements might be of value Molecular models show that the ten-mem- 
bered system is strain-free, hence its independent existence is not precluded 

Since the olan esters (V) and (VI), like the parent compound (1), show similar 
strongly concentration-dependent association, it is reasonable to ascribe this primarily 
to (I) From the physical properties, e g viscosity, vapour-pressure, boiling point, of 
the pure phases, as well as by extrapolation of the molecular weight ts concentration 
data, it IS obvious that these compounds arc associated considerably beyond the dimer 
(y -- 2) stage However, the inapplicability of colligative-property equations to these 




(131 -j- Charnlfy, H a Skinnfr and N B Smith J Chem Soc 2288 (1952) 
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condittons prevents the precise estimation by the usual techniques This suggests that 
some form of stacking, as in (1), is operative As expected from its higher dielectric 
constant, the use of nitrobenzene as solvent reduced the degree of association 

Compound (11) is of special interest since the six-membered (man) skeleton, unlike 
the olan analogue, is relatively strain-free, and hence less tendency for change to the 
tetrahedral sp^ configuration {sp^ ->■ sjf') would be predicted The comparatively small 
association observed (y 1 1 in both benzene and nitrobenzene) is well outside experi- 
mental error and independent of concentration, this is in direct contrast with the 
behaviour of the olan system It is possible, therefore, that a dilTcrcnt mechanism, 
e g chlorine bridging (2) is now operative Similarly, the dithiobonnan is also slightly 
associated in a concentration-independent manner 11 it is assumed that a degree of 
association of I 1 icprcscntsa monoincr-dimcr equilibrium, 2A A^, it is difficult to 
understand why this should not be dependent on concentration This form of bridging 
is formally similar to the hydrogen bridging proposed in a iccent dissertation*^’ for 
I 3,2-dioxaborolan 


OHO 

(CH,), B B '(CH,)_ 

OHO 

No evidence for stable chlorine bridging m boion compounds could be found in 
the liteiaturc. though the phenomenon is well established for othei elements In this 
connexion the moleculai weight of phenyl boron dichloride was measured under eom- 
parable conditions, and a strictly monomeric solution was found at all concentrations 
This conhrms a previously reported value*”’ at a single concentration This does not 
preclude chloime budging in the man deiivatives The dilTerencc m energy between 
trigonal and tetialicdral boron configurations is vety much greater m the cyclic than 
the acyclic system Further, the extent of dimerisation 

Cl Cl <h 

2</,BCI, B B 

6 Cl Cl 

might be expected to be small under ambient conditions 

Association of the man ester (Vll) cannot occui via chlorine bridging it is slightly 
concentration-dependent and presumably clue to boion-oxygcn interaction 

The n-butyl and 2-chlorethyl esters weie selected as being of known stability *’^’ 
The apparent high molecular weight of some esters may be due to disproportionation *®’ 

'On /O' y 0\ 

3 (CH,)/ BOR B(0R)3 I (CHd„ ^BO(CH,)„OB (CH,)„ 

O ' O ^ O'' 

The possibility that solvent-solute interaction, le weak T7-bondmg. occurred was 
also considered The ultraviolet spcctuim of solutions of benzene, of (II) and of an 
equimolar mixture of both, all m cyclohexane, were measured m the range 22(3-290 m/i 
No changes m the characteristic B-band at 255 mp , loss of fine structuic or change in 
band envelope were observed 

A fiNcii, P J Gardnfr, J C Lockhart and E J Piarn, 7 C hem Soc 1428 (1962) 
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III principle this assocuUion should be reflected by the appearance in the infra~icd 
spei-tra of bands assocrated with i'|, x(bridgp) corresponding changes in the 

frequency of r,,^ x monomeric molecule However, the assignment of i'b-ci 'n 
( 1 ) IS tquivocal^^^' and the region in which boron-oxygen stretching modes are expected 
to absorb (ca 1300 1440 cm ^ ) is complex Hence as yet this method has not been 
successful in distinguishing betueen the two forms of association 

Aiknowlcdi^menl\ — It is a pleasure to thank Dr J C Lockhart for hciplul discussion, Messrs B 
Smi I Himsr and R I ant for technical assistance and the Petroleum Research Foundation (American 
Chemical Society) (or ihc award of a pre-doctoral Fellowship (P J G ) The recording platinum 
icsistancc thermometer was purchased with a grant fiom the Central Research Fund (University of 
I ondon), to v/hom sincere thanks arc due 

‘'“’A FiNrii, P J UrNDRA and E J Vr \p\, Spritiodn/n dr/a, 18, 51 (1962) 
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STUDY OF THE QUINQUEVALENT CHROMIUM 
COMPOUNDS BY ESR AND OPTICAL SPECTRA 

H Kon 

NAIG Nuclear Research Laboratory, Kawasaki, Japan 

{Received 6 November 1962, tn reviled form 6 February 1963) 

Abstract -Qumquevalent chromium complexes of the type CrOCl^ i l(or 2) RCI, where R = 
pyridinium, quinolinium, tetramethylammonium (or potassium) ion, were prepared and their electron 
spin resonance absorptions were observed in solution at room temperature and at 77 K, as well as 
in polycrystalline form The results, together with those of the optical absorption spectra, indicate 
that these complexes have a common paramagnetic structural unit CrOCl, The observed values of 
and^^j^ of this species were explained on the basis of the molecular orbital theory 
The transient, narrow ESR lines with similar feature were also observed during the reduction of 
K jCrjO, (or CrOj) wi th a variety of acids They were interpreted as due to some Cr'' ’ oxyion complexes 

In the previous communication*^’ the author postulated the existence of the quin- 
quevalent chromium compounds in CrOj-for K 2 Cr^Oj-)conc H^SO^ system to 
explain the narrow ESR (electron spin resonance) absorption lines which can easily 
be observed at room temperature and which consist of four narrow lines with uneven 
intensities, their line widths being from about 1 to 5 G To the best of the authors 
knowledge, there are not many ESR observations reported of quinquevalent chromium 
compounds Carrington et a! first observed ESR signal of Cr(V) 04 '’ In re- 
markable contrast to the case of CrOj-conc HiSO^ system, however, the ESR line 
width of CrO/ " is temperature dependent, broader at higher temperature, and could 
not be observed above T — 20"K**’ This is the behaviour to be expected not only 
for Cr 04 '’ but also for other transition metal ions in general with single unpaired 
i/-electron, provided they are placed in the crystalline held with the cubic symmetry 
or with the nearly cubic symmetry, which, furthermore, is not so strong as to lift 
the degeneracy of the d-orbitals sufficiently*'*’ More recently, Sw'alfn and IntRS 
reported the ESR study of peroxychromate ion, Cr(V)Og'’ , in polycrystalline form 
at 20'’C This ion has D,,j symmetry, and the ESR line width AHj ^ "*15 determined 
by the numerical analysis to be 23 5 G *'” 

It would be of interest to see whether there are any other compounds of the 
Cr ion with single unpaired rZ-electron, which show the narrow ESR lines such as 
those observed in CrO_j-conc H 2 SO 4 system (ca 1-5 G) 

For this purpose, the following complexes of Cr(V) were prepared, and their 
ESR and optical absorption spectra were observed 

K 2 Cr(V)OClg and Cr(V)OCl 3 RCI, 

H Kon, Bull Chem Soc Japan, 35, 2054 (1962) 

A Carrington, D J E Ingram, D Schonland and M C R Symons, J Chem Soc 4710(1956) 
B Bleanfy and KWH Stevens, Rep Prog Phys 16, 141 (1953) 

(a) J D Swalen and J A Ibers, J Chem Phys 37, 17 (1962), 

(b) J A Ibers and J D Swalen, Phys Rev 127, 1914 (1962) 
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where R is pyndinium, quinolmium or tetramethylammonium ion These compounds 
were first synthesized by Wfinland ct a! who ascertained that Cr is in the 
quinquevalent state There has been little information available concerning the 
structure of these molecules, but these complexes may be considered as the analogues 
of the many, fairly well studied vanadyl complexes, where the crystalline field symmetry 
surrounding the V ion is shown to have an axial component which is strong enough 
to make the lowest excited orbital sufficiently high above the ground orbital, thus 
making the FSR lines easily observable at room temperature 

One of the purposes of this paper is to present the detailed results of the ESR, 
visible and infra-red absorption measurements of the complexes in solution as well 
as in polycrystalline form Deductions will be made in relation to the nature of the 
bonds fiom the standpoint of the ligand field and molecular orbital theory 

It was suggested by Jabi c'/ynsm and several other workers that during the course 
of the reduction of CrOj oi K.Cr^Oy by the acids such as formic, oxalic and so on, 
Cr passes through an intermediate vaicnee state between Cr(VJ) and Cr(III), and the 
results of a series of kinetic studies of these reactions are best understood by assuming 
the quinquevalent state for Cr *'^*‘*' 

In the present report, the above assumption will also be proved by the direct 
obseivation of FSR signals, which show the feature oimilar to the K,Cr(V)OCL and 
Cr{V)OCIjRCl 

LXPERIMFNTAL 

Chemical pi oc eihii < s 

C rOCljRC I lype compounds were prepared following the meiliod by Wcinland el a! 

About 100 ml of a dilute .icctic atid solution (ca 10 - M) of CrOj was reduced by passing dry 
HCI gas thiough the solution The calculated amount of the base, such as pyridine, quinoline or 
tetramethylammonium chloride was dissolved in the least possible amount of acetic acid saturated 
with dry HCI gas By adding the latter solution to the reduced CrOj solution, the fine lustrous 
crystalline prccipil.ile was obtained The colour varied Irom reddish to dark brow n according to the 
base used It was found that m order to obtain the homogeneous crystalline material, the reduction 
by HCI gas must be complete before adding the solution of the base, otherwise the precipitate was 
the mixture of more than one complex of various colours The reduction was best monitored by 
observing the FSR signals at different stages of the reaction The pattern near the end of the reaction 
IS free Irom the complication due to by-products Samples were dried and kept over KOH or cone. 
HjS 04 in vacuum The complexes are all very sensitive to the humidity and, therefore, every pre- 
caution was taken to prevent the decomposition during the handling The yield was very good for 
CrOClaRCI, whereas only a very small amount of cyrsfalline material was obtained for KaCrOCl^ 
To observe the transient ESR signals of Cr(V) caused by the reduction with organic acids other 
than acetic acid, a portion of the dilute stock solution of KjCrjO,, in glacial acetic acid was mixed 
with the acid with constant stirring until the colour of the solution became dark brown CrOj gave 
rise to the ESR signal simply by dissolving it in the acelic acid 

ESJi measmement 

All the measurements were earned out with Varian Associates model V-4500 spectrometer with 
lOOkc/s field modulation The field strength was calibrated by measuring the proton resonance 
frequency with the Hewlett-Packard model 524C electronic counter combined with the 525A frequency 
converter To determine g-values, the measurement of the resonance field for DPPHfg 2 0036) 

R F Weinland and W Eridrich, Ber Otsch Chem Ges 38,3784 (1905) 

R F Weinlanii and M Friederer, fler Dtsch Chem Gei 39,4042 (1906), 40,2090(1907) 

B R McGarvev, / Phys Chem 61, 1232 (1957) 

K Jablczynski, Z Anory Chem 60, 38 (1908) 

<»’C Wagner, Z Anory Chem 168, 279 (1928) 



Study of the quinquevaient chromium compounds by ESR and optical spectra 935 

preceded each spectrum, the kylstron frequency being kept constant throughout a senes of measure- 
ments 

The observations of the polycrystalline ESR were carried out either at room temperature for the 
solid material or at the liquid nitrogen temperature for the solution The concentration of most of 
the solution was ca — 10 “ M When acetic acid was used as solvent for CrOCU RCl the 
signal looked like some superposition of more than one spectrum and there was usually remarkable 
decrease in signal intensity Normal line shape and intensity were recovered by passing the dry HCl 
into the solution 

Optical ipectra 

The visible absorption in solution and the infra-red absorption in KBr press were measured by 
Hitachi Co model EPS 11 spectrophotometer and Japan Spectroscopic Manufacturing Co model 
DS-40IG grating infra-red spectrophotometer, respectively Dried acetic acid saturated with HCl 
gas, or nitrobenzene was used as solvent 


RESULTS 

CrOCl^RCI, KaCrOCl, 

The ESR spectra of these complexes (R pyndinium, qutnolinium or tetra- 
mcthylammonium ion) in solution at room temperature arc virtually all identical 
m their g-values, line widths and the average hyperfine splittings due to ^^Cr (the 
natural abundance 9 55 percent, the nuclear spin number I — J), as summarized 
in Table 1 In Fig 1 is shown a reproduction of a typical solution spectrum for 
pyndinium complex The following features arc worthy to note 

fABI r 1 ,g’-VALUfcS, LINE WtnrHS AND AVERAGE HyPLRHNC-SPI in INGS or C rOCIjRCI AND KjCrOCIs 

IN SOLUTION AT ROOM IFMI'ERATURE 


Sample 

(Solution)l 

Line width (G)** 

Av hfs(G)** 

KjCrOCl/ 

1 9877 

28* 

19 7 

CrORCU 

R -- pyndinium 

1 9877 

28* 

19 9 

R ^ quinolmium 

1 9880 

2 U 

2 6* 

19 9 

R — letramethyl- 

1 9875 

2 Ot 

2 7* 

19 8 

ammonium 


1 9i 



* In glacial acclic acid, + In nitrobenzene 
t Accurate to ca ±0 0003, ♦* Accurate to ca ±0 I G 

hirst, the observed ESR lines are all very narrow, even narrower than m the 
vanadyl ion solutions of about the same concentration as in the present study 
In general, the ESR line width is known to be affected by many complicated factors, 
but It may be deduced from the above results that the electrostatic field surrounding 
the Cr(V) ion is strongly perturbed fiom the cubic symmetry since, otherwise, a 
low lying excited level may cause a short spm-lattice relaxation time and may lesult 
in a very broad line as, for example, in the Ti*' alum 

The resolution of the two inner components of the ^■*Cr hypeifine structure is 
partly disturbed by the superposition on the mam line due to the abundant ®“Cr 

""’R N Rogers and G F Pare, J Chem Phvs 33,1107 (1960) 
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Fi(. 1 A icprtscni.itivc ESR absorption Liirvc of CrOOjKCl in solution 
at room temperature (R =- pyndiniiim ton) The solvent is the acetic acid 
saturated with HCl gas 

complex (The sttuatton is better m the nitro-benzene solulton where the Itnes are 
narrower) Nevertheless, it can be seen that there is little variation of the line width 
of the individual hyperhne component with the nuclear quantum number Such 
variation of the line width has been observed in several complexes so far studied 
(as well as in the cases to be discussed in the next section), and the origin was first 
explained by McConnell'*'* 

Recently, Roolrs and PAKh”®' formulated the line width as a polynomial in 
/j, based on the general theory of Kivllson"*^' 

l/Tj = irv/fB) {a^ + f where 

r/, =- T, {(7/45)(Ay//,/ T 63 -I K, 

-T,{(7/I5)fi Ay//o|, 

(If - and 

^y (/(M)(g|, “ gj. (2/3)(/l|| Aj) 

Hq is the external magnetic field strength, the correlation time and A" is a constant 
to take into account all relaxation mechanisms not sensitive to the nuclear orientation 
The above formula was shown to explain the line width variation in VO^+ aq 
solution successfully 

Thus under ordinary conditions the variation of the hyperfine line width with 
4 IS governed by the two parameters Ay and b, the anisotropies ofg- and the hyperfine 
interaction tensors, respectively Since the anisotropy in g-tensor of the complexes 
under discussion estimated from the spectrum of the frozen solution of CrOC] 4 “ 
(gii ^ 2 OOg, = 1 97^, vide infra), Ag = 0 03^, is not particularly smaller than 

other cases where the variation of the hyperfine line width is remarkable (for ex , 
in vanadyl porphyrins,”®' Ag ~ — gj_ = 0 042), the apparent absence of the 

<“>H M McConnfll, 7 Chem Phy^ 25,709(1956) 

”»>0 KivelsonT Chem Phys 33, 1094(1960) 

E M Roberts, W S Koski and W S Caughey, 7 Chem Phyi 34, 591 (1961) 
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variation in hyperfine line width m the present case may be explained by an approx- 
imately isotropic hyperfine interaction tensor 

The average hyperfine splitting is larger than in Cr"^ cyanide complex***’ (13 8 G) 
m which the unpaired spin is considered to be in orbital as in the present complexes 

The fact that all these compounds show the ESR patterns which are identical 
within the experimental accuracy, indicates the existence in solution of the same 
paramagnetic species common to the systems The frozen solutions (*)(77°K) also 
exhibit identical ESR patterns such as the one shown in Fig 2, from which one may 



Fio 2 - -A representative tSR absorption curve of CrOCl, RCl in frozen solution at 
77‘'K (R = pyridinium ion) The solvent is the acetic acid saturated with HCI gas 
Field strengths are shown in gauss 

conclude that the paramagnetic species has an axial (or nearly axial) symmetry in 
solution Thus one reasonable structure of the common paramagnetic species may 
be assumed as. 


- 

0 


Cl 

1 

Cl 


Cr 


_CI 


Cl 


The estimated values of and are**^’ 

gn -- 2 00^ and 1 97^ 

from which gn ~ (h)(gt\ r ^ g^) - ^^^5 approximate agreement with the 

g-values observed in solution (1 9875-1 9880, Table 1) 

The estimated values are subject to a small correction for the unresolved ®®Cr 
hyperfine structuie which is only barely discernible under the conditions of the 
present study, also the estimation is based upon ihe assumption of the (^function 

* Acetic acid saturated with HCI was used as solvent When nitrobenzene was used as solvent, 
the observation was disturbed by the remarkable saturation broadening 
I Bernal and S E Harrison, J Chem Ph\\ 34, 102(1961) 

'“’R H Sands, R/tyi Rcc 99, 1222 (1955) 

For the more recent and rigorous analysts of the powder ESR spectra, see for ex , Reference (4b), 
and H R Gersmann and J D Swalfn, J Chem Phys 36,3221 (1962) 
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for the crystalhne line .shape, and the Gaussian broadening must be taken into actoiiM 
implying little exchange interactions between the molecules, since the solution i 
sufficiently dilute (10 --10 Ml The same applies to the estimation of g-vabn , 
from the frozen solution spectra in the next section 

On the other hand, the kSR patterns of the crystalline powder diluted unh 
AC/ponJci jrc ditlcrciit depending on the organic base used, as shown in 1 nj { 


3J45 



fici 3 - -Folycrystdllinc tSR patterns of pyridinium, quinolinium and tetr.imethyl- 
ammonium complex at room tempcr.ilurc J-ie)d sircnglhs ,iie shown in g.iuss The 
relative positions of the three curves are arbitrary 

This can be explained as the result of the considerably strong interactions between 
the molecules, and the appaient g-values estimated and listed m Table 2 should be 
taken as only approximate 

Iahle 2 —Afi’ARrNr, ^-VALUES of poi vcrysiallinf powdfr* 


Sample 

A'li 


,1'0 f,?ii 

Pyridinium complex 

2 000 

1 978 

1 985 

Quinolinium complex 
TetramCthyl- 

1 991 

1 991 

1 991 

ammonium complex 

1 989 

] 989 

1 989 


• Uncertainty in measurement ca ±0 001 


In harmony with the above observations, the visible absorption spectra of 
nitrobenzene solution at room temperature are also almost identical in the four 
systems There are at least three absorption bands with the peaks at 18,000, 22,400 
(sh) and 23,500 cm as shown m Fig 4 

The results of the infra-red absorption measurements were summarized sche- 
matically in Fig 5 Each absorption pattern of pyridinium-, quinolmium- and tetra- 
methyl ammonium chloride is contrasted with that of the respective Cr complex 
One can easily see there, that the absorption of the complex (except for KaCrOClj) 
is composed of the slightly shifted lines from the base itself plus a few new absorptions 
which appear in the range 870-1020 cm"^ This would mean that in the crystals 
the bases exist in the form of pyridinium, quinolinium and tetramethylammonium 
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Fig 4 -A visible absorption spectrum of CrOCijRCI in 
nitrobenzene solution (R — qumolinium ion) 


1 

. iL. 

KyCrOCIj 

ItJ 

i 1 III 1. 1 

i. . _ 

I 1 

1 

1 1 L LL J^lilJ 

1 

1 . pyndinium 

1 1 complex 

h 1 

1 1 1 1 i 1 . 1 II . 

U 

1 1, 00™, 

il 


Il 1 III III 1 1 II 

Ll 

1 Qumolinium 

1 1 complex 


1 

1 1 

j n(ch5),ci 


1 1 1 

1 T M ^ 

1 complex 

L , 


p ,» ‘i 1-*^ 1 1— ^ -*'T -1 1 T 1 

1600 1500 14 0 0 1300 1200 1100 1000 900 800 700 60O(rm ) 


Tic. 5 -Infra-red absorption spectra of KjCrOCU. and CrOCIj RCI (R - pyndinium, 
qumolinium and tctramethylammonium ion) The lengths of the lines are approxi- 
mately proportional to the observed absorption intensity 

ton, respectively, without being perturbed seriously The 950 cm ^ band observed in 
KaCrOCls may be assigned to the Cr-O stretching vibration This is comparable 
to the V-O stretching frequencies in VOCI, (1035 cm and in VO-etioporphyrin-I 
(995 cm 

Miscellaneous quinquevalent Cr systems 

As was mentioned in the previous section, a variety of narrow ESR signals are 
obtained as the result of the reaction of K 2 Cr 207 with various acids such as tnfluoro 
acetic, oxalic-, lactic- or citric acid and of the reaction of CrOs with acetic acid 
The signal shows that the paramagnetic species are unstable and the life time varies 

J G Erdman, V G Ramsay, N W Kalinda and W M E Hanson. J Amer Cliem Soc 78, 
5844 (1956) 



considerably with the system from several minutes to a week Unfortunately, the 
attempts to isolate the paramagnetie compounds have been unsuccessful so far and 
the composition remains unknow n However, it seems valid to say that the paramag- 
netic species are some unstable reduction products of K^Cr^O^ (or CrOg) by the acids 
and are stabilized by the complex formation with the acids or some oxidation products 
of the acids 




rm 7 - -ESR absorption curve of 
KjCr^O; — CFatOOH system frozen 
at 77 K The field strengths arc 
indicated in gauss 



Fic. 8 --ESR absorption curve of K^Cr^O, 
- ox.ilic acid system at room tempciature 
(Solvent acetic acid) 


The results of ESR observation, especially the fact that all observed lines are very 
narrow, arc best interpreted by assuming the complexes of some quinqiicvalent 
Cr oxyions, such as CrO'^+ or CrO^^ Considering that the possible complexing 
agents are likely to be mononegative, bi- (or mono-) dentate ions, CrO^+ seems more 
plausible 

(I) K2Cr20- in CFgCOOH, Oxalic and plus K,Cr 207 in glacial acetic acid, 
CrOg in glacial acetic and The ESR patterns of the solutions at room temperature 
and at 77°K are shown in Figs 6-1 1 The general aspects common to these systems 
can be summarized as follows. 

The line width of the hyperfine component increases monotonically from low 
to high field This indicates, according to the theory by McConnfll‘^1' and Rogers 
etal that the hyperfine interaction tensor is fairly anisotropic The pattern of the 
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Fk. 9 — ESR absorption curve of KjCrjO, -oxalic 
acid system frozen at 77 K (Solvent - acetic acid) 
The field strengths are in gauss 


Fig 10 — ESR absorption curve 
ot CrOj-acctic acid system at 
room tempearture 




Gouss 



Eig 11 - rSR absorption curve 
ofCTOj acetic acid system frozen 
at 77 K Field strengths arc in 
gauss 


frozen solution shows the characteristic fcatuic of the crystalline field of the axial 
symmetry, from which one can estimate the values of,tf| , and as tabulated in Table 3 

In relation to KaCr.O^-CFjCOOH system, the following observation may be 
worthy to note by passing HCl gas into the solution, the ESR signal disappears 
at an early stage and a doublet with very much reduced intensity appears at a lower 
field On passing HCl further, one component of the doublet giows up, until 
eventually the whole spectrum becomes identical with the one due to CrOCl 4 dis- 
cussed in the preceding section If one passes dry N, gas to drive out the HCl from 
the solution, the original spectrum charactei istic of K .Ci^O.-CF^COOH system can 
be recovered Thus a reversible conversion between two types of complexes seems 
to be taking place 

{2) Lactic, citric or tartanc add plus K^Cr^O-, in glacial acetic acid These systems 
show more or less similar absorptions, of which the ones for citric acid are reproduced 
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1 ^Rt 1 Al I IS Ol- IH^ IROZtN SOLUI [ON (77 ’K)* 


S\slcm 

‘.’ 1 , 

A'i 

C'lO, ID Ac a acid 

1 vsu 

1 970 

h.Cf.O- m CfAOOH 

/ 961 

1 977 

K.Ci_C)- (COOIl)iin 

Acelic acid 

1 962 

/ 97<y 

Unccrlamty in measurement ca 

1 0 001 



in Figs 12 and 13 There are two features immediately noticeable in these results, 
the line w idth of the hyperline component show's a minimum at the second component 
from the low held end, and the line shapes of the frozen solutions are different from 
those observed above and appears to be best interpreted as resulting from the 
crystalline field with rhombic symmetry Theg'-valucs along the axes can be estimated 
by the extension”’* of the method used in the axial field, and are given in Table 4 
In Table 5 arc summarized the g-values, line widths and the average hyperfine 
splittings of the solutions at loom temperature 

DISCUSSION 

Examining the g-values obtained here (Table 3) and the ones for the analogous 
VO-porphyrin complexes”'’’''^' „„ 1 947 , = ] 987)^ one will notice that is 

in general greater than but the complexes of the type CrOC), appear to be 



Fio 12 — ESR absorption curve of KjCr^O, citric 
and system at room temperature (Solvent 
acetic acid ) 



KiCrjOj-citric acid system frozen 
at 7TK (Solvent - acetic acid) 
Field strengths arc shown in gauss 


Table 4 -^-Values oe the frozen soLiniONS (77“K)* 


System 




K^CrjO, t Lactic 




acid in Acetic acid 
KjCrjO; + Citric 

1 975 

1 979 

1 968 

acid in Acetic acid 

1 973 

1 978 

1 985 


* Uncertainty in measurement ca iO 001 


im F K Kneubuhi, J Chem Phys 33, 1074(1960) 
"“'D E O’Reilly, / Chem Phyi. 29, 1188 (1958) 
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Table 5 -^-values, line widths and average hyperfine splittings at 
ROOM temperature* 


Line width 


System 

g 

(G) 

■^^riiax 

Av hf splitting 

slope (G) 

CrOj 1 Acetic acid 

1 9652 

22 

21 0 

KjCrjO, 1 CFjCOOH 

1 9710 

1 6 

220 

K.Cr^O, 1 (COOH), 

1 9779 

1 5 

18 4 

KiCrjO, { Lactic acid 

1 9780 

1 5 

18 6 

K^Cr^O, H Citric acid 

1 9781 

1 0 

18 4 

* Accuracy is the same 

as in Table 1 , 

Solvent 

^ Acetic acid 


exceptions In general, if the electric field surrounding the Cr ion is assumed to have 
a tetragonal symmetry along the z-axis (see Fig 14) the g-values can be calculated 
by the perturbation theory, taking the spin orbit interaction {XL S) into account 

--= 2 0023 (I - 42/AEJ and = 2 0023 (1 - 

where AE„ (A£J is the energy separation between the lowest orbital (3r4„) and the 
excited orbital whose wave function has its maximum in (out of) the \>-plane Given 


0 



Fig 14 — The structural unit CrOCh to show the numbering of Cl ions 

Ihe p-values and the excitation energies, the spin orbit interaction constant would be 
calculated by the equations 

Take, for example, the case of C1OCI4 , where -- I 974 If the first absorption 
band at 18,000 cm~^ corresponds to the vertical excitation, then 7 is calculated to be 
230 cm”^ * 

However, if this value is used in the equation for taking into account the fact 
that the observed gu is practically equal to the free spin value, then AE^ is found to 
be much higher than seems likely Thus, the ionic model without taking into account 
the covalency between the Cr ion and the ligands seems to fail to interpret the result 
in this case 

If the molecular orbitals are formed within the hypothetical structural unit 
CrO^^, using the three 2/7-orbitals of the oxygen atom (in a more rigorous treatment, 
s-p hybridization should be taken into account) and the 3t/-orbitals of Cr, the situ- 
ation would not be improved, because it can be shown by the group theory that both 
<73.2 and can not form a molecular orbital with the oxygen 2p orbitals and, 
therefore, the expression for gu remains unchanged However, the observed g-values 


This IS considerably lower than the value by Mociri (383 cm ‘) quoted in Reference (4a) 
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can be better accounted for, if the molecular orbital treatment is extended to the 
Cl ions, and if certain conditions are fulfilled by the bonding parameters 

Thus twenty molecular orbitals are constructed from five 3d orbitals of Cr, as 
the bases for the irreducible repicsentations of the symmetry group They are 

4Ai A., ; I 2B.^ \ 5E 

Of the thiity-one elecltons in all, thirty /i elections from the ligands are allotted in 
the following bonding oibitals 

3Ai . A. ' 2Bi \ B, t 4E 

Thus the discussion concerns only the remaining B, antibonding orbital which is 
occupied by the unp.iircd rZ-elcctron, and the excited B^ and Zf-orbitals with which 
the B, orbital is coupled through the angular momentum operators 

<f>{B,) jlcJ^. T(/r/2)(\, ->’2 Sj i Ti). 

iV ()" (z., - z^), 

(f^.(E) - - d(f,^ T lYp^ I b"(cj Zj), 

<I>(B^) ycl^^ -(//2)(vi I V 2 - xj, 

where d and p designate the 3r/-orbitals of Cr ion and 2/>-orbitals of O atom, respec- 
tively, and X(. I’l and z^ stand for 3/;^., 3/;„ and 3/i, orbitals on the i-th Cl atom, the 
numbeiing being shown m Tig 14 

Using these molecular orbitals, thcg-values can be calculated as, 

- 2 0023 fl {4>|^LMY-U¥ - 2(i' y) S - ft' y' I2f], 

2 0023 [1 - (A/ACJlyb |- yhV'p], 

where 5 is the overlap integral between the central „s and 3p^ (or 3/;„) on Cl I 
(or 2), and where the hydrogcn-like atomic orbitals are adopted ft' and y' are given 
by ft' - ftS t \' (1 - ft“) and y' \^(1 - y-), respectively. The overlap integrals 
between d^„ and ligand orbitals arc neglected Setting, for instance, ft 0 8, y - 0 9 
and S 0 2, gn is calculated as, 

gii - 2 0023(1 0 34/>/A£'J 

The quantitative aspect of the result should not be taken too literally because 
of the simplifications adopted in the treatment In particular, m order to get a more 
quantitative result, one must use, instead of the simple p~ and d-orbitals, the sp 
hybridized ligand orbitals and the tctragonally hybridized (for ex , dsp^ or d^sp^) 
orbitals of the Cr ion 

The present result shows that the molecular orbital formation brings the predicted 
AE„ value to the reasonable range of magnitude, and is indicative of the nature of 
the bonding in this complex Thus one can understand the observed g-values of 
CrOCl 4 ~ complex by assuming considerable amount of covalency between Cr and 
C! A similar explanation would be applicable to VO-bisacetylacetonate where 
gii and gj^ are 2 02 and 1 95, respectively 

Acknowledgment — The author is indebted to T Ouchi for his help in the infra-rcd absorption 
measurements 

R D Feltham Thesis (University of California, 1957) 
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ON THE URANATES OF AMMONIUM— H 

X-RAY INVESTIGATION OE THE COMPOUNDS IN THE SYSTEM 

NH,-U(VH ,0 

P C DcBrrs and B O Loops ira 
Reactor C entrum Nederland, Pelten, Netherlands 

{Received 12 November 1962) 

Abstract- The X-ray powder diagrams of four compounds m the system NH,-UO, HA) have been 
indexed The following results were obtained 

I /f-U 032 Hj 0 , orthorhombic, a - 12 977 '_()004A, 

b 16 696 _ 0 004 A. r 14 672 0 004 A 

II lUOjNHiSH.O, orthorhombic, a 7 220 0003 A, 

b 12 198 OOO'tA ( 15 072 0 004 A 

III 2UO, NHj 3H,0, hexagonal, « = 14 087 0 004A, 

< = 14 494 0 005 A, 

IV 3UO, 2 NH 3 4H,0, hexagonal, a= 4031 ' 0004 A, 

r 14 58 0 01 A 

The structures constst of hexagonal or pscudohcxagonal layers of composition UO;(0,), with 
the additional O and N atoms of water and ammonia between these layers 

Chlmicai tiivcsligations by Cori^hjnkl'" show that four well-defined eompounds 
exist 111 the system NH,-UO,-H>0 in equilibrium w-ith aqueous solutions at tem- 
peratures up to 50'^C Tlie comparative forniuiae of these compounds are 

I UO 32 HP 
II 3UO, NH, 5 H 3 O 

III 2U0,NH,3H>0 

IV 3UO,2NH,4H.O 

Compound t is by far the best know'll of this scries Its X-ray diagram has been 
obtained both from synthetic pioducts*“’’) and from samples of mineial origin 
The patterns of the natural substances are very similar to those of the synthetic ones, 
but they arc not identical 

Substances with the unit cell of our coinpouiid II have been mentioned in the 
literature under a variety of chemical coniposilioiis and are eoiinnonly referred to 
as A D U (animoiiium diuranate ) An X-ray diagram of this compound has been 
published by Garni r 

For both substances, our data are more complete and somewhat more accurate 
than those quoted above In the case of compound 11 we have nioieover been able to 
work with a chemically pure coinpoimd prepaied by CoROH'NKr For these 
reasons we have listed the diagrams of these coni pounds here together with those 
of compounds 111 and IV, the patterns of which have not been pubhslied yet 

F H P CoRDioNKr J Inor" Niicl Client 24, S03 (1962), I in this senes 
J K Dawson cl a/ , y Cbem Soi 3531 (1956) 

H W Dunn, ORNL-2092 (1956) 

C L Christ and J R Clark, /Inter Mineral 45, 1026(1960) 

L V Garni R,y Inoii^ Nucl Client 21 , 380(1962) 
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RFSULTS AND DISCUSSION 

The dilTraclion pat terns (if the corn pounds 1, 1 1. 1 II and IV are listed in Tables 1, 2, 3 
and 4, respeetiscly Sin“ 0 values in Tables 1 and 2 have been calculated for 
CuK7|-radiation with } — I 5405 A, in Tables 3 and 4 for CiiKa, with X - 1 5418 A, 
because the 7,- 72 doublet was not resolved in the poorly crystalline products 111 
and IV 

Tabic 5 contains the edges b and c of the unit cells, the symmetry of the unit 
cells, the number / of uranium atoms pei unit cell, the edges a , b\ ( ' and the angle y' 
between a' and />' ol the subcclls on which the stronger reflexions can be indexed , and 
the volume f ' of these subcells The cell dimensions were icfincd on an Electrologiea 
X, computer by means of a least squaics programme 

4 he crystallinity of the products decreases markedly with increasing ammonia 
content In product IV the line broadening becomes so serious as to obscure any 
reflection except those due to the subeell Moicover in contact with moist air, part of 
the ammonia m this product is exchanged for wvitcr This causes a rapid change 
of the positions of the reflexions over up to 0 5 degree For these reasons the values 
given for this compound aie less accurate than those for the others 

As can be seen fiom hig I, the strong letlcctions from the fourpioducts aie vciy 
closely related This can be tiaced to the existence of sublattices which are almost 
identical m the various compounds The existence of hexagonal or pscudohcxagonal 
subcclls in hydiated compounds of hexavalenl uianium has been noted by seveial 
investigators They are formed by the uranium atoms, which are approximately 
situated on the corners of the subcells 

The subcell-reflcxions in Tables 1, 2. and 3 are printed in italics, in Table 5 the 
subcells are indicated with primed cell constants The idealized subcell is sketched in 
big 2 

Each uranium atom is surrounded by eight oxygen atoms on the corners of a 
deformed cube compressed along the body diagonal which coincides with the ('-axis 
of the subcell These cubes, sharing edges, form layers perpendicular to the r'-axis, 
essentially identical to those m The average composition of these layers, 

apart from the hydrogen atoms, is LKXtO,) The two short (~2 0 A) U O bonds 
along the ('-axis form the uranyl group, the other U O distances are 2 4 to2 5 A as 
deduced from spatial considerations 

From the shape and similarity of the uranium sublattices several conclusions can 
be drawn about the chemical composition and the structure of these compounds In 
the first place it is evident from the volume ot the subcells that the ammonia compounds 
are formed by substitution of water by ammonia such that per uranium atom there arc 
always 2 -a water molecules and a ammonia molecules This has been the guiding 
principle throughout the chemical investigations *'* Secondly, the formula UOj 2HoO 
cannot be the correct one H.2UO4 H2O seems more nearly appropriate Apparently 
the U — O bonds are not broken during the formation of the ammonia compounds 
The highest member of the series LIOj-HaO-NH, would therefore seem to be 
NH, H UO4, corresponding to ammonium diuranate Ironically, this compound was 
not obtained 

n A Ippoliiova and L M Kovba, Dokl Akatl Naiik SSSR, 138, 377 (1961) 

W H Zachariasi N, /Ic/o rrri( 1, 265 (1948) 



T^ble I “Diiiractun fitters of compound 1 sm - calculated with /* - 1 5405 A (CuK^Ci) 
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Table 3 —Diffraction pattern of coaipocnd III sin-y calcllated with ) = 1 5418A(CuKa) 
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Tahi i 5 Summarized data on thl unit tells and subc ells (primed valuis) 

OE DIE COMPOUNDS I, 11 III AND IV 


C ompouncl 


I 


11 


III 

IV 

a 

(n 977 

- 0 004) A 

(7 220 

1 0 001) A 

(14 087 

s 0 004) A 

(4 031 L 0 004) A 

h 

(16 696 

0 004) A 

(12 19K 

' 0 003) A 


1 0 005) A 


( 

(14 672 

0 004) A 

( 1 5 072 

' 0 004) A 

(14 494 

(14 58 1 OOI)A 

S^mniLti V 

Oilhi) 

rliombiG 

Orthorhombic 

Hexagonal 

Hexagonal 

/ 


^2 


12 


24 

2 

a' 

(4 070 

1 0 002) A 

(4 141 

0 002) A 

(4 066 

0 001) A 

(4 031 f 0 004) A 

/)' 

(4 174 

0 002) \ 

(4 066 

, 0 002) A 




( 

(7 116 

0 002) A 

(7 516 

. 0 002) A 

(7 247 

0 002) A 

(7 288 1 0 007) A 


120 11' 

1' 

119 23' 

> r 

1 

120 

12()’ 

I ' 

(107 0 

1 0 1 ) A-* 

(1 10 6 

1 0 1 ) A"* 

(101 8 

0 1) A“ 

(102 5 1- 0 2) A'’ 


The lormula HjUOj H,() is in agreement with results by Di ANi‘^’ from infra-reel 
investigations We do not support his conclusion that the ammonia molecule is 
directly linked to the uranium alcsm Proton magnetic resonanee work by Porte et 
«/ *'•” leads to a formuhi HjU^O, 3H_,0 Prom the X-ray data alone it seems hardly 
feasible to obtain a delinitc answer to the question whether this description is the 
corieet one As we intend to collect additional data on these compounds by neutron 




URANIUM OXYGEN 

Pic< 2 — The idealized subcell 
A M Dfanf, y /rtoTg Nud Chem 21,238 (1962) 

A L PoRfF, H S Gutowski and J t Botios, d Chem Phys 36, 1695 (1962) 
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diffraction we have not yet tried to work out the X-ray intensities to full detail 
Judging from the large unit cell of product I it would be attractive to describe this 
compound with units containing more than one uranium atom 

In the products I, II and I II the r-axis of the unit cell is twice the axis c' of the sub- 
cell In these products space group considerations make it probable that there is a 
symmetry plane between the layers This is conhrmed by the space groups derived by 
Christ and Clark*^* for their mineral samples It is reasonable to assume that this 
symmetry plane is also present in compound IV, because of the very striking similarity 
between the products in general This assumption is not substantiated by the X-ray 
diagram but as mentioned above this may well be due to the poor crystallinity of the 
product The number of nitrogen atoms in the resulting unit cell is 3 Unless the cell 
volume has to be tripled, this would indicate that in this compound the water and 
ammonia groups are distributed in a statistical way 

It has not been possible to establish unequivocally the space groups of the com- 
pounds Next to the subcell reflections there are only rather few others of moderate 
or small intensity Furthermore, the large unit cell does not always allow a unique 
indexing of these, which should be the relevant ones in the space group determination 
Although many groups can be ruled out with some degree of i.ertainty on account 
of the indices which arc found and by making some assumptions about the structure of 
the U 0 >( 02 ) layers, a hnal selection of the space group was not obtained The possible 
groups for product I also include those derived by Christ and Clark*“^ from single 
crystals of schoepite, which is a mineral form of compound I 

Note added in proof Since the completion of this paper we have been informed 
by G Korillvl and P M dl Wolit (Technical University, Delft) that the most 
probable space group for UO 3 2H,0 isPbna, as derived from X-ray data obtained 
with a modified Guinier-de Wolff camera 

This would be in complete agreement with Christ and Clark 

4ckiM» leili^eiiients The autliois wish to express iheir gr.itiiude to Dr L H P CoRoniNkt for pro- 
viding the specimens ,ind for many v,nlu.Tblc discussions and to Mr H P Siruch Gr his help in the 
computer programming and calculations 
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rXPrRIMTNTAL 

HOPM was prepaicd as previously described'" and TOPO was an Faslman Kodak while-label 
pioduct 1,2-Dichloiobcn/cnc was used as the diluent lor HDPM and TOPO in all extraction 
studies Stock uianiurn (VI) solutions wcic prepared from UjOj according to the method of Brouns 
and Mu i s or from Ames Laboratory uianium metal 

Partition sIikIics were made by cLjuilibrating equal volumes (usually 10 or 20 ml) of aqueous and 
organic solutions ol known composition by shaking them in glass separatory tunnels fitted with 
Icllon stopcocks Iquilibiium conditions wcie reached veiy lapidly when l,2-dic'h!orobcn7ene 
solutions of HDPM were equilibrated with mineral acid solutions of uianium (VI) and a 10 mm 
shaking period was aibitiaiily selected The partition experiments wcic made at ambient room 
tempeiaturc ol 2^ i 2 (' Aliquot samples ol the uianium-pooi phase were taken loi analysis 
Uranium was determined m the aqueous phase if D 1 or in the organic phase alter stripping 
with Na_C Oj if I) 1 I he arsena/o method'" was used lor the determination when D ■ 1 and 
the peroxide method"'' when D I 

I he amount of acid exliaeled was dcici mined by titralion of an aliquot esf the organic phase with 
0 05 N tetiabulyl ammonium hydroxide using niclhyicne blue indicator 

Ostwald-Leiiskc type nscomclers Iheimostale'd at 25 00 0 01 C" were used to measure the 

capillary flow of the solvent and uranium (VI) nitiatc complexes with HDPM and TOPO A capil- 
lary was chosen so that the elllux time was always between 100 and 500 sec The elflux time ol 
each solution was nieasuicd thiee times, the piccisiem was within 0 5 sec 

Visible speetia were obtained with the ( aiy Model 14 recording spectrophotometer Speetro- 
pholoinetiie analyses wcic made with the Beckman Model DU speetiophotometcr 

RLSULIS AND DISCUSSION 

Lfjc(- 1 of soh cm 

Cyclolicxaiio has been c'onsistcntly used as a diluent for TOPO When a cyclo- 
hexane solution of HOPM was ccjiiilibratcel with uranium {VI) in 1 M nitric acid, 
quantitative extraction was obseivcd When a sutricicntly large amount of uianium 
was extracted, a sticky, yellow, viscous third phase was formed which was more dense 
than the cyclohexane phase and appeared to contain nearly all of Ihe uranium This 
did not ocelli when TOPO was used as the extractant The viscous nature of this 
substance suggested that it might be polymeric 

The polymeric-like substance was formed when other nonpolar solvents such as 
/i-cymene, tctrahydronaphlhalene, benzene, or toluene were used as diluents for 
HDPM When carbon tetrachloride was used as a diluent a polyincric-like substance 
was also formed, however, unlike the other non-polar solvents mentioned, a two- 
phase system was obtained upon piolonged shaking Third phase formation was not 
observed when 1-nitropropanc, I -chloromtropropane, mcthylencchloride, chloroform, 
1,2-dichlorobenzenc, melhylisobutyl ketone or a 1 1 mixture of the latter with cyclo- 
hexane were used as diluents for HDPM 1.2-DichIoroben7ene was chosen as the 
diluent because of its good stability and appropriate density 

Comparative viscosity measurements of uranium-saturated solutions of HDPM 
and TOPO in t,2-dichlorobcn7ene showed only slight differences in the limiting 
viscosity number When carbon tetrachloride was used as the diluent, however, the 
HDPM-uranium solutions had much higher viscosities than the TOPO-uranium 
solutions thus indicating polymer formation in the former case The viscosity of the 

'<> R J Brouns and W W Mills, Report WIT-49767 (1955) 

"" J S Fritz and M Johnson-Richard, >l/j£i/yr Chim /tc/a 20, 164 (1959) 

"" E B Sandell, Colonmeluc Determination of Traces of Metals, (3rd Ed ), Inlcrsciencc, New 
York (1959) 
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solutions when cyclohexane was used as the diluent were too high to be measured 
with the Ostwald capillaries in the case of the HDPM- uranium system 

The viscosity number, rj^ was calculated from the viscosity of the solution, rj, the 
viscosity of the solvent, r]Q, and the concentration of the complex, c, in g/ml by the 
following equation 


rh ="= 






The limiting viscosity number, [/y], is obtained by extrapolation of the viscosity number 
to zero concentration 


[rj] lim fj, 

r .0 


I r/ 
lim - In — 
f ^Jn 


The limiting viscosity number is related to the molecular weight of the polymer by the 
equation, 

[,/] KM”. 


where ^'and a are dependent upon the properties ol the solvent and solute molecules 
and their interactions One can calculate an approximate \alue for the ratio of the 
molecular weights of the polymers in the two systems. 

['yliiDi'M K'(M 


[>lh 


lOl’O 


K''( M 


'y ~ \TF') ’ 


where K' and K” arc assumed to be equal and a is taken to be 0 7 From this relation- 
ship, it was estimated that the molecular weight of the HDPM complex with uranium 
is approximately eighty times that of the TOPO complex Polymer formation was 
also ohserved with other metals when non-polar solvents were used as diluents for 
MDPM 


E\li action oj miiteuil add's 

The extraction of the mineral acids into a 0 05 M solution of HDPM in 1 ,2-dichloro- 
benzenc is shown in hig 1 along with the data obtained by Whiil and Ross*'^^ for 
the extraction of these acids into a 0 1 M solution of TOPO in cyclohexane The 
distribution behaviour of the various acids into HDPM is seen to be very similar to 
their behaviour with TOPO As with TOPO, the acids fall into two groups with 
nitric and perchloric acids having a different slope than hydrochloric and sulphuric 
acids at low acid concentrations Only in the case of nitric acid, however, did the 
mole ratio of acid to HDPM exceed two although, at higher concentrations it is 
greater than one for all the acids 

The equilibrium constant for the reaction, 

I H('., I- NO 3 -,., - . Y HN03,„» 

IS given by Equation (1), 

K [^HN03] Dn 

' [H][NO,][Y] [NOjlfV], 

where Y — HDPM or TOPO and [] signify equilibrium molar eoncentrations Ionic 
charges have been omitted from equilibrium expressions for greater clarity Equi- 
librium constants were determined by equilibrating varying concentrations of organic 
ligand with 1 M HNO3 The ratio of acid extracted to organic ligand was less than 
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Ik. I I ol mini.idl acids as a lundion of acid conccntialion with HDPM 

and lOPO 

P)ala on TOt'O (doited lines) (loni Wiiiii- and Ross'" Ori^anic phase 10 nil 0 05 M 


HDPM in I 2-dichlo[ohtn7eiic l*hasc ratio 


l-x(iaction time — 10 niin 



Taui l 1 A., 

iOK lllL 1 \rR\CI 

IK'N Ul 

1 M UNO, 

BY HDPM 

AND TOPO 


[itnPMi,* 

r>n 

(Y UNO,] 
(MDPMl, 

K, 

nopo), 

l>n 

[Y llNOd 
[TOPO], 

A. 


10 - 

0 04795 

0 909 

II 1 

1 ,10 ' 

0 1028 

0 921 

14 9 

■> 

10 

0 01928 

0 940 

16 7 

5 10 - 

0 0464 

0 879 

8 1 

1 

10 ' 

0 009 (-,5 

0 949 

19 1 

1 10 ■= 

0 00928 

0910 

10 6 


10 ' 

0 00477 

0 941 

17 1 

5 10 ’ 

0 00441 

0 874 

7 1 

2 

10 ' 

0 00212 

0 92 1 

A\c 

11 9 

15 2 



Avc 

102 


* Subscript i denotes initial concentration 


one in all cases and thus the presence of a 1 1 species was indicated Equilibrium 
constants were then calculated for the reaction of J M nitric acid with HDPM and 
TOPO (Tabic 1) The values for </, the fraction of uncomplexed ligand, were then 
calculated from Equation (2) 

1 I A',[H][N03] 

'’‘ii iii’SKii) ^ 0 062 

Complexes o/HDPM wi(h uranium {VI) nitrate 

Previous workers'*” have shown by loading capacity studies that two neutral 
ligands such as tributyl phosphate, TBP, or TOPO combine with each uranium (VI) 

W B Wright, Jr , Report Y-838, (1952) 
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ion However, similar studies of the HDPM -uranium (VI) system in 1,2-dichloro- 
bcnzenc indicate the presence of a 1 1 species, while in the presence of excess HDPM, 
a 2 1 species is most consistent with the extraction data If the following over-all 
reaction describes the extraction of uranium (VI) in the presence of excess extractant, 
the expression for the over-all equilibrium constant is given by Equation (3) 

UO-y,, -1 2NO„„) + 2Y,„, U0,(N03), 2 Y,o, 

[U 03 (N 0,)3 2Y]y, 

^ ' [UOJ[N03]V.nV]V^ 

The symbols y^, yy, and y are the activity coefficients of the extracted complex, the 
extractant, and the mean activity coefficient for uranium (VI) nitrate in the aqueous 
phase The equilibrium expression in Equation 3 can be rearranged as shown in 
Equation (4), 

“ 7o lV']nN 03 ]^ 


, (4) 

{[Y], 2[U03(N03),2Y];nN0,]-’ 

where a = [Y]/[Y'], /) - [U 02 ]/[U 0 ,'], [Y'j and [UO 3 '] arc total concentrations not 
bound to the metal or ligand, respectively, and [Y], - initial molar concentration 

Eor a senes of extractions in which the nitric acid and uranium concentrations 
arc held constant, the slope of a plot of log /^^/[NO, ]- vs log [Y'] should be two 
(within the approximation that changes in the activity coefficients arc negligible) 
The results for extractions in which the HDPM to uranium ratio was large and in 
which the [NO 3 ] remains essentially constant (curve A in Fig 2) did fall on a 
straight line of slope two when log Di, was plotted vs log [HDPM'] A similar plot 
tor extractions in which uranium was always in excess and in which the [NOj ] 
varied appreciably (curve B in Fig 2) fell on a straight line of slope one when log 
i),,/[NOj ]- was plotted vs log [HDPM'] This suggests the formation of a 1 1 
complex The formation constant of the 1 1 complex. A'/, was calculated from the 
data for curve B, Fig 2 and found to be 1 58 d: 0 10 ^ 10’ 

Thevalueof AV (0 01 M) for the extractions from 0 01 M nitric acid was 2 08 10* 

(Table 2) The results for a series of extractions from 1 M nitric acid are also given in 
Table 2 A 2 1 combining ratio is assumed for both HDPM and TOPO and A ( 1 M) 
values are calculated The average value for K,' (I M) of 1 05 \ lO* for HDPM is 
nearly what is expected if the variation in y is taken into consideration Taking y as 
0 062 and 1 for the cases of 1 M and 0 01 M acid, respectively, one obtains from 
[A,' (I M)]/[(0 062)2], calculated value for AV (0 01 M) of 2 78 ' 10" This is in 
agreement with the experimental value obtained for A',' (0 01 M) considering that 
changes in the activity coefficients have been neglected 

The value of a for TOPO (0 089) in 1 M nitric acid gives a calculated value of 
115 10 ^ for K 2 (TOPO) for solutions of low acid concentration where a 1 

It IS seen that the over-all equilibrium constant for the extraction of uranium (VI) 
from nitric acid media with HDPM is approximately twenty times as great for TOPO 



DISTRIBUTION RATIO -D (CURVE 




Gcm-bis(disub‘.titutcdphosphinyl)alkanes — II 


961 


Effect oj mineral acids at various concentrations on the extraction of uranium (VI) 
The variation in the distribution ratio of uranium (IV) into HDPM as a function 
of the acid concentration of the aqueous phase is shown in Fig 3 For comparison 
purposes, the data obtained by Whitf and Ross<®> on TOPO are also shown It 
should be noted that the initial concentration of HDPM was 0 05 M while that of 
TOPO was 0 I M Furthermore, the mole ratio of organophosphorus compound to 

Tab[e2 — A'a' VAiurs roR iiih extraction or uranium (VI) with HDPM and TOPO 

I ROM NITRIC ACID 


K/ K,' K/ 


[HDPM],* 

( 10=) 

o, 

(1 M) 

( 10 «) 

(0 01 M) 

( '^lO *) 

iropoi, 

[UO/l. 

t)| 

(1 M) 

( 10 ■’) 

0 1 

25 0 

2860 

1 14 


0 1 

0 025 

199 

0 79 

0 0667 

16 7 

1060 

0 95 


0 04 

0 01 

35 4 

0 84 

0 0445 

11 1 

414 

0 83 


0 1 

0 0167 

416 

0 94 

0 0320 

«0 

213 

0 83 


0 06 

0 01 

147 

0 91 

0 06 

10 0 

2350 

1 47 


0 1 

00125 

495 

0 85 

0 024 

40 

265 

1 03 


0 064 

0 008 

213 

0 93 

0012 

20 

58 8 

0 92 


0016 

0 004 

7 89 

1 00 

0 0024 

04 

3 82 

1 22 


0 008 

0 002 

2 55 

0 96 

0 05 

0 0513 

52 13 


2 09 

0 024 

0 004 

25 1 

0 95 

0 05 

0 132 

60 51 


2 45 

0012 

0 002 

6 62 

0 91 

0 05 

0 263 

51 10 


2 08 

0 032 

0 004 

54 6 

0 94 

0 05 

0 395 

47 94 


1 98 

0 016 

0 002 

14 4 

0 90 

0 05 

0 524 

43 55 


1 81 





Average values 


1 05 

2 08 




0 91 


* Subscript ; denotes initial concentration 


uranium was 3 1 in the case of HDPM but 26 5 1 in the case of TOPO Consequently, 
the equilibrium conccntiation of uncomplexed extractant is much lower in the case of 
HDPM. 

The variations in distribution ratio of uranium into HDPM or TOPO from nitric, 
hydrochloric, suphunc and phosphoric acid arc similar as seen in Fig 3 The results 
for phosphoric acid arc not shown but were very low for HDPM, /),, \alues less than 
10 and were also reported to be low for TOPO The dilTerence in extraction of 
uranium from perchloric acid media by TOPO and HDPM is surprisingly great It 
should be noted that Wiini and Ross*"*’ used cyclohexane as the cliluent for TOPO 
Work in this Laboratory, however, has shown that similar results are obtained with 
TOPO when 1,2-dichlorobenzene is used as the diluent rather than cyclohexane 

In conclusion, HDPM is rather similar to TOPO as an extractant for uranium (VI) 
from mineral acid solutions except for perchloric acid The distribution ratio of 
uranium (VI) is generally larger for HDPM than foi TOPO and in the case of extrac- 
tion from perchloric acid media it is several orders of magnitude larger The relatively 



962 


J. t Mkoch/k J U OLwuiiusH .S'vm'Kai .ind (’ V Banks 



I'k, 1 1 \((ai.(ion of uianiuni (VI) willi HDPM and TOPO as a function of acid 

concentration 

Data on TOPO (dotted lines) from Whitl and Ross'“’ IIDPM, 0 05 M solution in 
1,2-dichIoiobcn/cnc Phase ratio = I Ratio IIDPM to uranium (VI) = Extrac- 
tion lime = 10 min 

large values for the distribution of uranium (VI) from pereliloric media into HDPM 
are not unique with uranium It has been found that many other metal perchlorates 
extract very well into 1,2-dichloro benzene containing HDPM The latter work will 
be described in future publications 

aIrE/iow’/<?d^e/w/iO--Thc authors wish to acknowledge the contributions of Mr J J Richaru, who 
prepared the HDPM used in this investigation, Mr K E Burkl, who initiated work on the use of 
HDPM as a solvent extractant, and Messrs J W Ferooson and J Birk, who assisted with some of 
the experimental work 
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THE CO-ORDINATION CHEMISTRY OF 
MOLYBDENUM— I 

SOME COMPLEXES OF MOLYBDENUM(V) WITH 2 2'-DIPYRlDYL 

P C H Mitchlll 

Department of Chemistry, The University, Nottingham 
{Received 14 Dei ember 1962) 

Abstract -The preparations and ehcinical magnetic and spectroscopic properties of the following 
complexes of molybdcnumfV) with 2 2'-dipyridyl arc described MoO^Cldipy (1), Mo^OjC Ufdipyli 
(II), and MoOCIjdipy(lII) According to the magnetic moments 1 and II arc polymerized and III is a 
monomer Possible structures of the complexes .ire discussed 

In a previous paper*^’ the prepat ation and properties of a complex of molybdenum(V) 
with 1 lO-phcnanthrohne weie described During the earlier work the formation of 
daik piecipitates was observed when cthanolic solutions of ammonium oxopenta- 
chloromolybdate(V), (NH 4 )jMoOCl 5 , and 2 2'-dipyiidyl were mixed These precipi- 
tates have now been shown to contain complexes of molybdc'num(V) with dipyndyl 
and the present papei desciibes their preparations and properties These compounds 
are of interest as furthei examples of complexes of dipyndyl with a metal in a high 
oxidation state and may be compared with the dipyndyl complexes of vanadium(lV) 
and iron(I il) 

tXPl Rl MENTAL 

Mall I tah 

I he following compounds were obtained commercially or prepared bv siiindard methods molyb- 
denum pcntachlonde (Lound Mo, 35 1 1 , C I, 64 20 Calc for MoCf Mo 35 10, Cl, 64 90° J, 
molybdcnyl hydroxide''*’ (1 otind , Mo, 58 7 Calcd for MoOtOiPj Mo 58 9"„) ammonium 
oxopcntachloromolybdalc(V)"’ (Pound Mo, 29 7 Calcd for (NH,).MoOC I , Mo, 29 S",,), 2 2'- 
dipyndyl'*’ (m p 70 5Mit 70 5-71 5T 

Commcicial absolute cthanot was puMricd““’ and carbon tetrachloride was rclluxed wnh potassium 
hyihoxidc pellets and distilled before use 

4iial\ scs 

Molybdenum was determined gravimetrically as molybdyl oxinaic after decomposing the com- 
plexes by heating to fuming with a 1 1 mixture of concentrated nitric and sulphuric acids chloride 
gravimetrically as silvei chloride after decomposing the complexes with dilute nitric acid dipyridyl 
spectrophotometrically by extraction with chloioform of the solution obtained bv refluxing the 
complexes with 0 2N sodium hydioxide The molybdenum oxidation number was dclci mined by 
oxidation of the complexes w'lth ceric sulphate 

Rn pen a t ion ^ 

All reactions wcic carried out under dry nitrogen, excess dipyi idyl being used toensurccompletion 
O \:o-/i-dioxochloro{2 2'-dipyi id\I)mohhdemim(y), Mo,.0,CLdipy;, (1) A filteicd, deep brown 

P C H MlTCHiLLandR J P Wiuiams, / Chcm 5(ic , 4570 (1962) 
oi w 'w Brandt, F P DwvFRandE C Gyarfas, C/uvn Rn 54, 959(1054) 

W G Palmfr, Cxpei imeiilal Iitoipanic Chemistn, p 406 Cambridge (1959) 

J P Simon and P Sovchw, Bid/ Soc C/iim Fiance, 1402(1956) 

G M BADC.FRandW H F Sasse J C/iem Soc 616(1956) 

P A LfiCiHFON, R W Crarv, L T Sciiipp. / Amer Chem Soc 53, 3017(1931) 
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solution of ammonium o\op^ntachloromolybdatc(V) ( 1 U g) in ethanol (100 ml) was added dropwist 
to a refluxing solution of dipyridyl (1 5 g) in ethanol (100 ml) Theic was an immediate daik pre- 
cipitate 1 he suspension w'as allowed to cool and filtered by suelion The preeipitatc was washed with 
ethanol and petroleum eihci and dried in vacuo over KOH pellets The product ( 1 5 g) was a dark red 
brovMi povvdei (bound Mo, 2.1 71, Cl, 1 1 01, dipy, 4‘) 04, (Ci„H„N,)CIIVIoO., requires Mo, 30 01, 
C4, 1 1 10, dipy, 48 86 ",, The o\id,uion number ol the molybdenum was 5 0) 

2 -chpM ul\l)nuil\htUnum(W) MoXl|CI,(dipy)., (II) Lthanol (10 ml) was 
added di opwise to a flask eon tain mg molybdenum peiitaehloi idc ( 1 5 g) and the mixture vyas stiried 
llyiliogeii ehloiKk v.as evoised md the lesiilliiig molvbdetuim( V) solution vyas deep green To this 
solution was adifid diopw ise and with sliii ing a solution oi dipyndyl (I 5 g) m ethanol (21 ml) There 
was €in immediate daik jiieeipilatc The suspension was ecnliiluged anti the prcLipiliile vyas washed 
w/th (.III inol and pt lro!(^uoi ctlu r iiul d/ied in nx no over KOH pellets The pioduet (2 0 g) was a red 
blown /owi/t; (foninl ,\/o 27^0 Cl 20 47 ilip\ 44 12 (C j„H, N.,).. MOjOjClj requires Mo, 
27 65 ( / 20 45 dijiy 44 ‘49'',, T/it ox/diiion niinibei ot the molybdenum was 5 0) 



Tk. 1 - 1 he reflexion speetia (optical density ag.iinst ti equeney) 
ol MoO.Cldipy (1), M(kO,CI, (dipy)j(ll) and MoOChdipy (111) 

O\olinhloio{2 2'-ihp)i hhlpnolibdcmimiy), MoOCI,thpy(lll) Hus eompound was obtained 
when molybdenum pentaehloiide and dipyndyl were heateel m solution m carbon tetrachloride con- 
taining a tiaee of nuiisture A solulmn ot dipyndyl (2 5 g) in earbtm teti aehloride (100 ml) was added 
diopwisc to a solution ot molybdenum pentaehloiide (1 4 g) in carbon tctiaehlondc (100 ml) At 
first there was a slight red precipitate but as more dipyndyl was added the coloui of the solution was 
rapidly discharged and a pale yellow-green precipitate formed The suspension was refluxed overnight 
and filtered by suction The filtrate was w.isbcd with carbon tetrachloride and petroleum ether and 
dried in vacuo over KOH pellets 1 he product (1 3 g) was a pale khaki solid (Found Mo, 26 21 , 
0,27 70, dipy, 40 94 Calcd tor C,„H,N,a 3 Mo 6 Mo, 25 62 , 0, 28 42, dipy, 41 69“,. The 
oxidation number of the molybdenum was 5 0) 

Some pioperliei of the iomple\es 

The complexes were insoluble in water and dilute acids but gave yellow suspensions on warming 
Dipyndyl was extracted by chlorolorm from the aqueous suspensions showing that hydrolysis had 
occurred The complexes were slowly oxidi/ied (with loss ol colour) when the suspensions in dilute 
nitric acid were warmed 

All three compounds dissolved in aqueous sodium hydroxide solution giving deep purple solu- 
tions which rapidly decolourized and deposited black precipitates 

H B Gray and C R Hare, Chem 1 , 361, 831 (1962) 
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1 and II were only very slightly soluble in common organic solvents (nitromethane, nitrobenzene 
pyridine, methyl cyanide, dimethyl sulphoxidc) giving red solutions which rapidly lost their colour 
even under nitrogen III was more soluble in these solvents giving yellow solutions the colours of 
which quickly faded The relative insolubility ol I and II is consistent with their formulation as dimers 
or polymers (sec below) 

Magnetic susccplibtlilies 

The Ciouy method was used to measure the susceptibilities of the complexes at room temperature 
A magnetic field of ca 6,000 G was provided by a permanent magnet and the Gouy tubes were eali- 
biatcd for measurements on the finely powdered solids with cobalt mcreury thiocyanate with an 
assumed gramme suseeptibilily of 16 44 10 *egsat20’‘*’ At least two determinations were made 

on different samples of each complex Apparent magnetic moments were calculated using the formula 
/(,[t 2 839(/'„ /■)* (where /\i is the susceptibility corrected lor diamagnetism) 

Ullia-violet and iisihle \peilia 

A Unicam SP 500 spceti ophotometer was used Since the complexes were insoluble or gave 
unstable solutions in the solvents available the reflexion spectra of the solids were measured against 
a magnesium carbonate standard 

fiifia-ied \peclra 

A Unicam SP 100 spectrophotometer was used to record the spectra of the solids in the range 
700 1500 cm ' 


RhSULTS 

Prepamiwn oj the coinpIe\es 

Precipitates of the eomplex MoO^CIdipy were obtained during attempts to study 
spcctrophotometrically the reaction between cthanolic solutions of molybdenum(V) 
and dipyridyl In general, the monochloro complex was obtained from brown dilute 
ethanolic solutions of ammonium oxopentachloromolybdatc(V) whereas the dichloro- 
complex MoiOjClifdipy)! was obtained from the more concentrated green solutions 
of molybdenum pentachloride in ethanol The tiichloro-complex could be obtained 
only horn solutions of molybdenum pentachloride in carbon tetrachloi ide containing 
a tiace of moisture (i e under conditions when the hydrolysis of niolybdcnum(V) 
was minimi7cd) 

Magnetic moments 

The magnetic moments of the complexes are gixen in Table 1 The value for 
MoOCl )dipy was close to the spin only moment for molybdenum(V) but the other two 
complexes had much lower moments probably because of polymerization (see below) 


Tabi f 1 — Mac.nftic propfrtifs of THF COMPI Fxrs 


Complex 

10 V« 

10 “/„ 

10 V«' 

/( R) 

/'(P') 

MoO^CIdipy 

-75 

167 

92 

298 

0 47 

Moa03CI,(dipy)3 

107 

187 

294 

299 

0 84 

MoOCIodipy 

1281 

207 

1488 

291 

1 87 


(/m - molar susceptibility per molybdenum, /p = diamagnetic correction Estimated uncertainty 
10/1 = ^-0 15/0 

B N Figois and R S Nyhoim, J Clicm Sot 4190(1958) 

B N FiCiCiis and J Lewis, in Modem C o-oidinaiion Chiinnin p 401, Interscicnee New 
York, (1960) 
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Injta-rcd spec tra 

Details of the infia-iccl spectia of the complexes are given m Table 2 and probable 
assignments of the mam bands m Table 3 The interpretation of the speetra is compli- 
cated by the presence of the dipyndyl bands The infra-red spectra of dipyndyl and of 
Its cation and of molybdenyl hydroxide arc given for comparison 

(a) Metal-oxygen streteliing frequencies A value of 967 cm~^ has been assigned 
for the Mo(V) O sti etching freejucncy in K^MoOCI^ and a strong band in this region 
IS expected for all compounds containing a metal-oxygcn double bond Molyb- 
denyl hydroxide (almost certainly a polymer) has three bands in the region 700-1000 
cm ' The very strong b.ind at 977 cm ^ may be assigned to the asymmetiic Mo — O 

I Mil I 2 Ini r\-ki d spi t i u \ 


(’onipoiiiu) I 111 I a led bands 

2 2-dipvnd)l» injiiji 742Wini 760n 893m 98li/i/ii 996s 1042t 1069/ii 1093i 

l|S0/« 11751)1 I 2 IH 11 . 1258))) I27IIV’ 1320ii,/) 1425m 1568)); 1590m 1620s/i,rt 
167hs 171911 181 lie I901u’ I985» 2l95>i 2219ii 27ihn 

dipyHy ( 71b 76b/),s 771 t 892//) 968i I031r JOSO//; lOWii 1l60j/),/)) 1175/// 

12^2))) 1245/)) 1285s 1515s/),/') 1524s/)))) 1 570s/),))i ISiOs/)/)/ 1540s/),/;/ 156()s/),))i 
1570s/i,))i 1576s/),))) 1600s 1610i/),))/ 1620s/)))) 1648s/)))) 1912vs’ 1975 m’ 2045)V 

2340))) 262«h 2673u 2729u 

MothCldipy 721/)) 742s 775s 8I2»’ 848s/),ip 901)/) 920s/)/)) 94)s/),s 952; s 1020»' 
1050))) 1046.1' 1065..' 1077.V 1107))) M22w 1158))) 1174))) 1230)/) 1250))) 

1275s/i))/ 1521s 1499/)) 1568)/) 1577//) 1601s 160/s/),))) 2674))' 2729n’ 

MsSiOjC'litdipy). 720s/), ))) 741s/),))/ 774i 79S»i 849sv 904? 956s 966m 1020is- 

1029/)) 1046.V 1062»' 1075.S' 110//)) 1125.V 1158/// 1174//) 1227)/; 1248/)/ 

1284))) 1316s 1499))) 1566 h' 1575)V 1602s 1610))) 2671.. 2729 m- 

MoO(l,dipy 720s/),))i 745))) 775s 805« 849n- 912 m 940))) 979m 1020/)) 1052s 

1047h 1068/)) 1077)1) 1110/)) 1124))) 1165//) 1180))) I225))i 1250s I290s/i )/) 

1321s 1500))) 15(,8))) 1575 m) U)05r 1610))) 2680))) 2729)// 

MoC)((9I1)3 714s/) 757s,/. 8)5r 977 m 1 162m’ 121 5h' 1619//) 5205s i/> 341 5s 1 /) 

* 2’one refined dipvndyl k indly supplied by Imperial Chcmie.d Indusliics I imiic.l 
I ()bl,iincd by rcerysUilli/ing dipyndyl tram conee'iitrated hydrocblnrie aeiel 


Taiii i 5 — Pkoiiahi r AssisiNMCNrs 01 inr isiain inira-kid hands 


Dipy 

Dipyl r- 

Mot/X'klipy 

MOiOAhdipy. 

MoOCIjdipy MoO(OH)t Assignment 



952i s 

966)’ ? 

979) ? 

971 1 s 

Mo 0 str 






895s 

Mo- - 0 str '5 






757?,6| 

Mo — 0 chain 






714?,/)j 

vibrations 


2140m, h 





7 N+ H str 

1590? 

1 600s 

1601s 

1602? 

16035 1 




1610))) s/i 

1 609))), s/) 

1610)71 

KslOini 



1425i’s 






dipyndyl 

1 7,2Qw.b 

J315//),s/) 

1521 s 

1316? 

132i5| 


bands 


771? 

775 s 

774? 

7735 ) 



760is 

763? s/) 






(h - 

broad , m 

medium, ? strong sh shoulder, str 

stretch , 

1)5 very strong , 

w -- weak ) 






(101 Q Q 

Barraclous.h, J Lhwis and R 

S Nyholm, J 

Chem Soi 

3552(1959), 

H-L KRAUssand 


W Huber, Ber Dtsch Chem 6Vs 94,2864 (1961) 
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stretch, that at 895 cm~^ possibly to a symmetric Mo — O stretch, the broader and 
weaker bands at 757 and 714 cm^^ to vibrations of the metal-oxygen chain ( — Mo — 
O — Mo — O — cf. reference 10). For each of the dipyndyl complexes only one band 
can be assigned with any certainty to the Mo=0 stretch (see Table 3) since the weaker 
bands in the region 900-1000 cm“* could arise from co-ordinated dipyndyl 

(b) Possible O — H frequencies The broad bands with frequencies greater than 
3000 cm“^ in molybdenyl hydroxide are due to O — H stretching vibrations There are 
no peaks in this region in the dipyndyl complexes Thus formulation of complex II 
(and the corresponding phenanthrolme complex'**) with hydroxide (i e as MoO(OH) 
Cl^dipy) appears to be incorrect (The analytical figures for this formulation and for 
M02O3Cl4(dipy)2 arc only slightly different ) 

(c) Dipyndyl frequencies The infra-red spectra of dipyndyl and its cation are 
given in Table 3 and are in good agreement with earlier measurements ***’ In the 
complexes the dipyndyl bands are shifted to higher frequencies compared with the 
free ligand indicating that the dipyndyl is co-ordinated to the metal The infra-red 
spectra also show that the dipyndyl is not protonated, for example, there are no 

“immonium” ( ;N'‘ — H) bands 
/ 

Ultia-iiolet and ii'nhle spectra of the complexes 

Since the complexes were insoluble or decomposed in the solvents tried, 
reilcxion spectra of the powdered solids were measured m the range 340-1000 m/i 
The positions of the absorption maxima are given in Table 4 and the spectra are 


Taui,e4 Elicironk sri c ira of thf COMPLI \l s 


Compound 

■^max 

10 

Intensity 

Probable tiansition 

MoOiCldipy* 

720 

13 9 

Medium 

“B, ►^Ed) 


495 

20 2 

Strong 

dipy -►Mo, charge transfer 


410 

24 4 

Strong 

■'B. ►-B,'' 

Mo/ljChdipy.t 

704 

142 

Medium 



513 

195 

Strong 

dipy -♦Mex charge transfer 


413 

24 2 

Strong 

= B.^=B,‘’ 

MoOCIjdipy 

735 

136 

Weak 

-'B, ►ffdl) 


532 

18 8 

Weak 

“B, ►’B, 


(435)t 

23 0 

Medium 

dipy *Mo charge transfer 


■^max IS ihe wavelength of maximum absorption in millimieions and ftmax the Irequency ol 
maximum absorption in cm ‘ Data in parentheses arc lor shoulders The probable transitions are 
discussed m the text, sec also Reference”' 


shown in the figure The spectia of complexes I and 11 arc similar in appearance and 
the extinction coefficients are about the same, but the speettum of complex III is 
quite different, having a long tail into the visible and two weak peaks 

DISCUSSION 

There has been very little previous work on complexes of molybdenum(V) with 
dipyndyl An insoluble oxalato complex, K[MoOo(C204)dipy], has been obtained by 
mixing solutions of K[Mo02(C204)] and dipyndyl'**** and dipyndyl complexes are 

A A SrtiiLr and R C Taylor, J Inoiq Niicl Chem , 9, 211, (1959), B Mariin VV R 
McWhinnif and- G M Waind, 7 Inor^ Niicl Client 23,207 (1961) 

A R Kavrit/ky, Quart Rev 13,353(1959) 

G A Barbifri and A Malaguti, A/wi Accad Set 1st Boh^na 9, 3, (1951) [Chem Abst 47, 
8574d (1953)] 
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thought to be present in the deep reddish purple solutions formed m the reduction of 
molybdate by chlorostannous acid in the presence of dipyndyl A few complexes 
of molybdenum(V) with other nitrogen heterocyclic ligands have been described, for 
example, MoOCIjpyr (pyr - pyndine)*^®' and MoOClgphen They were described 
as red brown insoluble solids, but Wardcaw'^'' was unable to repeat the preparation 
of the pyridine complex The reaction between molybdenum peiitachloride and pyri- 
dine in a scaled tube involves leduction of the molybdenum(V), the products being 
pyridmc adducts of molybdenum tetrachloride There is as yet no evidence for a 
similar reaction with dipyndyl although the latter would be expected to stabilize 
lower oxidation states more strongly than pyridine However, the complexes de- 
scribed in this papei were prcp.iied under conditions leading to the formation of 
molybclcnum(V) oxycations and oxide is kneswn to stabilize molybdenum(V) relative 
to the lower oxidation states The reaction between molybdenum(V) and dipyndyl 
under rigorously anhydrous conditions is being investigated 

The empirical formulae of the complexes arc based on analyses for molybdenum, 
chloride and dipyndyl and determinations of the molybdenum oxidation number 
It was not possible to determine oxide directly and oxide is included m the empirical 
formulae to give overall charge neutrality for molybdenum(V) consistent with the 
analyses For each complex agreement between the observed and calculated analyses 
IS good and the picsence of molybdenum(V) oxycations is conhrmed by the infra-red 
spectra of llie complexes 

Because of the insolubility of the complexes molecular weight determinations were 
not possible, but it is fairly certain that the complexes 1 and II, with low magnetic 
moments, are polymerized and that HI, with a normal moment, is a monomer 

The monomeric complex HI is one of a senes of complexes of the general formula 
MoOCIiLj (e g L Ph,PO, Ph^AsO, Me^SO and its structure is almost certainly 
as shown below o 



Cl 


Its formation may be written as follows 

MoCl, — > MoOClo^^v MoOCl.dipy 
Formation of the complexes I and II illustrates the strong tendency of molyb- 
denum(V) to form polymeric oxychloride cations Since the ethanol used as a solvent 
was not exhaustively dried it is likely that the solutions of (NH 4 ) 2 MoOClg contain 
hydrolysed and polymerized species * The constitution of molybdenum(V) solutions 

• The spectra of solutions of (NHPiMoOCIs in ethanol have absorption maxima at 310, 450 and 
720 iDju Beer’s law is not obeyed and the deviations indicate polymerization of the molybdenumtV) 
species (unpublished observations of the author) It is likely that ethanolysis is the initial reaction 
in the formation of MoOCla from MoCU 

A S Komarovsku and N S Poluiktov, / Applied Chem (U S S R ) 10 , 565 (1937) 

G Scagliarini, Am R Accad Lincei vi, 1 , 676 (1925) 

G Spengler and J Gansheimer, Chem 69, 523 (1957) 

R G James and W Wardlaw, y Chem Soc 2145 (1927) 

(181 vy Wardlaw and H W. Wlbb, / Chem Soc 2100(1930) 

C M French and J H Garside, / Chem Soc 2006(1962) 

S M Horner and S Y Tyref, /no/y Chem 1 , 122(1962) 
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in hydrochloric acid has been discussed by Simon and Souchay''" and more recently by 
Gray and Harp*'^’ and by Haight*^^’ The initial paramagnetic hydrolysis product of 
MoOClj^'' has been formulated as Mo^OgCL/***’ and Mo^O,Cln^ , further hydroly- 
sis gives diamagnetic dimers The formulation of the polymeric dipyndyl complexes 
IS in accordance with this hydrolysis scheme Thus the complex Mo20jCl4dipy2 is 
obtained under conditions which would be expected to produce less hydrolysis than 
the conditions under which the complex MoO^Cldipy is obtained and the former 
complex has a higher magnetic moment than the latter The respective reactions may 
be written as follows 


MoCl, MoOCU >- Mo.O^CU— j- MooOjClifdipy), 


oi LlOJl 


>11 1 tlian«»l 


(NHJ^MoOCl-, NH4CI i MoOCI,^^ Mo,03Cl4 

I t)l IlHlI 

H () ilin\ 

MojOjCl, ► MojOjChldipy)^ 


1 he empirical formula units MoO.^CI and MOjO^CI, occur in other molybdenum(V) 
complexes, for example, with aniline*^**’ and in the thiocyanate complexes R4MO1O3 
(NCS)t| and (pyH)4M02O,(NCS),,SO, It is suggested that the M02O3 unit contains 
.1 single oxide bridge and the MoO^ unit a double oxide bridge so that the dipyndyl 
complexes are written 


O o 

N II II 

Mo O Mo 
Cl Cl Cl Cl 



(M 
' N 


0 

0 

0 


II 

II 

N 

Mo 


Mo 


1 

Cl 

0 

^1 

N 


In view of the work of Liwis et on the magnetie properties of polymeric 

complexes it may seem surprising that the eomplex with the higher magnetie moment 
(11) should be formulated with a single oxide budge, but it should be noted that there 
should be a grealei possibility of direct metal metal bonding m 1 than in ll 

tven with a large excess of dipyndyl it was not possible to obtain complexes in 
which the dipyridyl/molybdenurn ratio exceeded one although molybdcnum(V) does 
form 1 2 complexes with oxine 

The peaks in the visible spectra of the dipyndyl complexes may be discussed with 
reference to the spectra of (NH4)2MoOCI,''’ and othei organic complexes of molyb- 
denum(V) It is certain that the broad weak peaks near 14 000 cm * in the spectra 
of the dipyndyl complexes are due to the hist crystal field transition 
The second crystal field transition (^B, -* -fi,) of the oxychloride complexes occurs at 
22,600 cm^^ Its intensity in (NH4)2MoOCl5 is the same as that of the first tiaiisition, 
but is much greater in the polymeric complexes Similarly the ratio of the intensities 
of the second and fiist peaks for the polymeric dipyndyl complexes (1 and II) is much 
greater than for the monomeric complex (111) (cf the liguie) Many complexes of 
molybdenum(V) with organic ligands have a strong metal to ligand chaige transfer 
transition in the region 17,(X)0-20,000 cm ' It is thciefore suggested that the peaks 

"" Cj P Haic.H1,7 Inort,^ Nut! Chem 24, 66t(l962) 

R G JAMhsandW Warolaw, 7 Chem Soc 2726 (1928) 

A Earnshaw and J Lewis, 7 Chem Soc t96(l96l) 
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at 20,000 cm ‘ in the polymeric dipyndyi complexes arise from the charge transfer 
transition and that the peaks at 24,000 cm ^ are due to the transition Tn 

the complex MoOCljdipy, however, it appears that the relatively weak peak at 
18,800 cm ' IS the second ciystal field transition and that the ligand to metal charge 
transfci tiansition is displaced to higher freqencies compared with the polymeric 
complexes 

It IS not yet possible to say much about the bonding between the molybdenum and 
the dipyndyi, it is likely that in complexes with metals m high oxidation states 
dipyiidyl behaves as a Tr-donor as well as a ir-donor ligand It is worth noting that 
molybdenum resembles other transition metals in the ability of the oxycations of the 
higher oxidation states to coordinate with dipyndyi and phcnanthrolinc bor example 
uonflll) as well as forming ti is-dipyndyl and phenanthroline complexes also forms a 
dimcrie oxychloride complex phcn,Fe,(OH)_,CI, and vanadium(lV) forms similar 
complexes derived from VO'“+ 

4(kiiOHle(l>^’<'mcni\ Tliiswoit was carrie'il out during llie tenure of an Imperial Chemical Industries 
Limited Research tellowship at Ihc University of Nottingham 
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SOME ALKYL ISOCYANIDE COMPLEXES OF IRON 

S C Malhotra 

Explosives Depdrlment, Expcrimentdl Station, E 1 du Pont 
de Nemours and Co . Wilmington, Delaware 

(Received 18 February 1963) 

Abstract —Novel cyanopentakisl methyl isotyanide)iron (II) iodide was synthesized by the controlled 
alkylation of the known dicyanotetrakisf methyl isocyanide)iron (II) with methyl iodide Reaction of 
potassium ferrocyanide with methyl bromide gave hcxdkis(methyl isocyanide)iron (II) bromide, 
which yielded the dicyanoletrakisfmethyl isocyanide)iron (II) upon thermal decomposition These 
complexes were transformed into the benzyl analogues by reaction with benzyl bromide The products 
characterized were the known cyanopcntakis(benzyl isocyanidc)iron (II) bromide and dicyano- 
tetrakisfbenzyl isocyanide)iron (II) 

Slvpral hexa- and tetra-alkyl isocyanide complexes of iron (i I) of the general formulae 
(RNOr,FeX2 and (RNC),he(CN),, respectively have been mentioned in the 
litciature Malatesta has reviewed many other complexes of the above type 

We have successfully synthesized for the first time a hitherto unknown and novel 
penta-alkyl isocyanide complex of iron, (CH3NC),Fe(CN)l H/) and have discovered 
an alternate route for the pteparation of another novel pentabenzyl isocyanide 
complex of iron, (ChHr,CH3NC)5Fe(CN)Br HjC), which was only recently reported by 
Hn DT 

EXPERIMENTAL 

All m ilcrials employed in this work were reagent grade ehemieals and were used without further 
punliealion Anhydrous potassium lerroeyanide was prepared by heating the potassium ferrocyanide 
tiihydr.ite (Cieneial ChcmienI Division, Allied Chtmieal and Dye Corp New York N Y ) at 150° 
iiiiJei redueed pressure (24 mm) lor 4 hr 

Halogens were determined by precipitation esf the silver halieles Irom dilute niliie acid solutions 
Iron was determined volumcti ically by tin at ion with potassium pei manganaic after decomposition of 
the samples with nitric acid and rcduetion in a Jones Reduetor 

Melting points are uncorreeted Infra-red speetia weic recorded with Perkin Elmer Infracord 
Speelrophotometcr 

E (j J Hartley, Pme Cheiii boc 26, 90(1910) 
h O J Hartley, d Chew Soc 97.1066(1910) 

L G J HARlLtY,d Chew Soc 97.1725(1910) 

"I G J Hartley, Pi<« Chew Soc 29,188 (1913) 

'■’I G J Hariily, y C'hew Soc 10,3,1196(1913) 

J W Smith, 5c/(’/ia’ Prugievv, 36, 656 (1948) 

H M PoWEll, Pic’ceechny S\ wposmm on Co-ot chnuUon Chew C opt nhuyiw 36 (1953) (Chem 
Alnii 49, 15593 (1955)) 

W Z HtLDT, y Oip Chew 26,3226(1961) 

'“'W Z Hildt, y Jnoiy Nud Chew 22, 305(1961) 

'""W Z Hiliyt, y Inwp Nile/ Chew 24, 73 (1962) 

'"’W Z Hlliyt, y Ino'ry Nud Chew 24, 265 (1962) 

"-’W Z HtLtYT, y Oip C/icm 27,2604 (1962) 

"“’W Z Hriin,y Oi'y C/icm 27, 2608 (1962) 

L Proptesc in Irioipcinic C/iernisin (I Wued by f- A CoiroN)VoI 1, p 320 Inter- 

scicnee. New York (1959) 
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SmiiIu W 1 of In \cikis(tiu i/n! I'.iu \aiiuU )non I II) bionudf 

A inniuK. LonlJimiii; (kim^siuh] /cnotyJoidc (17g. JOO ;7i;iio/c) methyl hrcimide { ICO g, 1051 
iiiinoli.) and aLCtonitrjIc (100 inl), was iKatcd in a closed 320 nil stainless steel autoclave at 100' for 
6 8 hr under autogenous pressure Ihe mass was extraeted with additional aeelonitrile (ICO mi) and 
the solution was separated fiorn Ihe insoluble material The product in the solution was j in. fed by 
repealed eiystalh/ations Irom hot acetonitrile m p It was soluble in water, ethanol and 

aeelomtnie lounel C 29 49, H 4 96 N, 1699, Fe, 1 1 54 Cale for (CH,NC), TeBr^ 2H ,0 
C 28 93 II 4 42, N 16 87, he, JI 21 Jnfia-reel speeltum ( KRr //) 2 9(i), 3 32 (m), 3 19(h), 

3 95 (H), 4 47 (I), 5 35 (h), 6 n (m), 6 93(m) 7 1 (w) and 9 0 (n ) 

S\nlhi’sis of iIk xi/iotcfiaAniiHflln I isoi )amiU-)iu>n (//) 

A sample of !ie\akis(inethyl isoeyamele)iron (II) bromide (6 9 g) was heated at 140^ for 8 hr at 
10 ‘ mm in a 25 mm Pyrex tube that was elesscd at one end, whereupem methyl bron.idc was liberated 
and was eollcetcel in a eli y lee acetone liap The residual solid ( 3 3 g) was purified by erystalli/ation 
lioni hot ehloreilorm Ihe product decomposed without melting at 255-57° Yield = 88 per cent 
round 6,43 62,11 470 N, 30 79 , he, 20 00 Calc for (CHj>JC),Fe(CN), C,44I6 H,4 42, 
N, 30 88 he 20 54'’,, Infra-red speetrum (KBr, /i) 3 32 (m) 3 39 (m’) 4 56(i) 4 76(m) 6 93 (/n) 

and 7 1 (in) 

S\tillu‘M\ oj c I iiitopcnlak i\(nielli\l lux \imuk‘)iion (II) tojiile 

A sample of dieyamilelrakis(nielhyl isoeyanide)iion (11) (15 8g 58 1 mmole) was healed with a 
sample ol methyl iodide (7 4 g, 52 2 mmole) in aeetonitiile (100 ml) at 80-*^ 0" for 4 hr in a closed 
320 ml stainless steel autoelase under autogenous pressure The resulting mass was evaj orated to 
dryness undei reduced prcssuic The solid was cxtiaeied with hot chloroloini (IfOmI) and Ihe 
solution cooled to 0’ Crystals ot hexakisi methyl isoeyan)dc)iron (II) iodide (in p 198 ) separated 
out and the product was identihed by its inira-rcd speetrum The mother liquor yielded a lurther 
deposit ot solid upon concentiation and tooling It was purihcd by repealed crystallizations fiom hot 
chloroform Yield 70 per cent, m p 137-39“ hound C, 30 61 , 11,4 12, N, 19 35 1,29 50, 

he 12 81 Calc for (CH ,NC),he(CN)I H/) C, 3060, H, 3 93, N, 19 45, 1,29 42, he, 12 91% 
Inira-icd speetrum (KBi,/() 29 (»t), 3 3 (r/i), 3 4(>v), 3 9(^3, 4 51 (r), 4 67 (w), 5 3 ( w) 6 2 (m') 

6 93 (h) and 7 I (in) 

Conductivity measurements in nitroben/ene at 25' gave the lollowing results 



Concentration 

Specific 
Conductance 
in Nitrobenzene 


(M) 

(mho cm ') 

Cyanof)cntakis(methyl isocyanidc) 

it) ■' molar 

2 67 10 ’ 

iron (II) iodide 

Cyanopcntakis(benzyl isocyanide) 

10 '’molar 

2 58 10 

iron (II) bromide 

Nitrobenzene 


10 10 ■ 


Tramalk ylalion oj methyl isot yanide lomplexes of iron with benzyl htomide 

hive gramntes (11 6 mmole) of cyanopentakis(mcthyl isocydnide)iron (II) iodide and 20 0 g 
(117 mmole) of benzyl bromide W'cre heated in the presence of phenyl acetonitrile (40 mi) at 150-60° 
for 2 hr in a 300 ml R B flask, fitted with a dry ice-acetone trap through a reflux condenser Methyl 
bromide was liberated during the reaction and was collected in the trap The residual mass was 
evaporated to dryness under reduced pressure and the residue extracted with methyl ethyl ketone 
The resulting solution deposited a solid (3 1 g) upon eoiicentration and cooling Yield - 40pcrcent 
(Found C, 57 83, H, 4 42, N, 13 16"') Test lor iodine (as iodide) was positive Infra-red spec- 
trum (KBr, /i) 3 3 (w), 3 4 (w), 4 56 (vs), 4 72 (m), 6 7 (ni), 6 9 (i), 7 4 (ni), 9 3 (tv), 9 75 (w), 10 0 (w), 
13 6 (i) and 14 35 (s) X-ray showed it as an amorphous compound 
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In another experiment, 17 3 g (34 8 mmole) of the hexakis( methyl isocyanidc)iron (II) bromide 
and 85 g (498 mmole) of benzyl bromide were healed together in the presence of phenyl acetonitrile 
(100 ml) under the conditions as above The product was treated as before The methyl ethyl ketone 
extraction gave an insoluble product which was purified by crystallization from chloroform, m p 
230 0-31 6" Found N, 14 52 Calc for (C^H^CHiNCliFetCN); N, 14 59“,^ Infra-red spectrum 
(KBr, //) 3 25 (w), 3 4 (w), 4 57 (i), 4 75 (»;), 6 7 (/«), 6 88 (m), 7 0 (w), 7 4 (m). 9 27 (iv), 9 7 (w), 

lOO(iv). 13 25 (/i 7), 13 51^), 13 77 (w), 14 23 (m) and 144(tv) 

The methyl ethyl ketone-soluble product was purified by rccrystallization from methyl ethyl 
ketone, m p 106 0-10 8“ Found N, 1116 Calc for (C„H,CH,NC).Fe(CN)Br H/) N, 1098% 
Infra-red spectrum (K.Br, //) 2 9 (ni), 3 3 («.), 3 42 (w). 4 57 (i), 4 74 (ni). 6 2 («) 6 3(h) 6 73 (j), 

6 92(i), 746(0, 8 1 (w), 8 38 (iv), 8 7 (iv), 9 3 (w). 9 72 (m), lOO(n’) 1025(w), I04(w), 1096(iv), 
12 2 (iv), 13 35 (m), 13 7 (i), 14 27 (0 and 14 4 (s/i) A total yield of 83 per cent was obtained for the 
combined products 

X-ray dillraction data for the cyanopentakis( benzyl isocyanidc)iron (II) bromide are given in 
Fable I 

Nine grammes of dicyanotetrakis(methyl isocyanide)iron (II) was likewise treated with 30 0 g 
benzyl bromide in phenyl acetonitrile (100 ml) at 150 60'’ for 1 J hr m the maimer described before 
The only species recovered was the dicyanotctrakis(benzyl isocyanidc)iron (II) It was identified by 
means of its melting point (230") and infra-red spectrum 


TaiiieI X-ray DiFtRAcnoN data for 
(C„H,.CH,NC) 5 Fe(CN)Br H.O* 


i/(A) 

rif« 

dik) 

III. 

160 

1 00 

4 69 

0 90 

8 05 

0 10 

4 09 

0 10 

6 39 

0 25 

3 94 

0 80 

5 39 

0 30 

3 67 

0 25 

5 02 

0 50 

3 55 

0 20 

4 86 

0 10 

3 15 

0 25 


* These data were obtained using CuA, radi- 
ation, Ni filter, tube voltage and current of 35 kV 
and 20 inA, and an exposure time of 6 hr Rela- 
tive intensities were estimated visually 

DISCUSSION 

The results reported above show that the alkylation of potassium ferrocyamde 
with excess methyl bromide resulted in the formation of he\akis(methyl isocyanide) 
tron (IF) bromide in high yield in accordance with the equation, 

K^FefCN)^ ) 6CH,Br^(CHjNC)«FeBr, 4KBr (1) 

I 

I was characterized by its infra-red spectrum and chemical analysis The corre- 
sponding dicyanotetrakis(methyl isocyanide)iron (11) II was obtained by heating I 
under reduced pressure at or above 140°, whereupon methyl bromide was liberated 
and was identified by its boiling point 

(CH,NC)fcFeBi, — (CHjNC),Fe(CN), 2CH,Br (2) 

1 ! 

IF was characterised by its infra-red spectrum and chemical analysis 

The novel cyanopentakisfmethyl isocyanidc)iron (IF) iodide III was synthesized by 
the alkylation of 11 with methyl iodide under controlled conditions Thus, 111 was 




‘>"4 


S C Malhotra 


HI 70 pi. t ci/ir \ u Id hcHttns H n///7 methyl iodide (// CHjI / I) tit 
80 90 foi 4 hr , 

(CH,NC),F-e(CN), . CH.l - . (CH,NC),Fc(CN)[ (3) 

iir 

logethci with the foimation of some he\akis(inethyl isoe 3 'anide)iron (II) iodide IV 
III was charaeteri/ed by chemieal analysis, melting point, infra-red speetrum, specific 
conductivity and X-ray diffraction It did not change in composition upon repeated 
crystalli/ations from chloroform It melted at 139 , while IV had a melting point of 
198 and II decomposed without melting at 255 '^-lay diffraction patterns of FI, 

111 and IV unambiguously identify them as three independent species Iff was found 
to be amorphous to X-iays while II and IV were crystalline Furthermore, specific 
conductivity measuiement confiims III as univalent univalent electrolyte Molecular 
weight could not be determined due to dissociation (or association) of III m solution 
In experiments not icported here, the iodine in III was replaced by perchlorate and the 
resulting penta-methyl isocyanidc complex did not cliange in composition upon 
crystalli/ation Likewise, the dark blown cyanopentakisf methyl isocyanide)iron (FI) 
triiodide was formed upon ticatmg Ilf with elemental iodine 

All the three methyl isocyanide complexes readily undeiwent transalkylation 
reaction with beivyi biomidc 

(CH,NC)^Fe(CN)„X, xQl l-.CH^Br - v (CsHsCH .Nr),re(CN)„X, -f ^CH,Br (4) 

The product obtained from IH definitely contained the benzyl group (as evidenced by 
the infra-icd spectrum), but the identity of the eompound could not be ascertained 
1 he infia-red spectrum also showed the presence of isocyanide (4 56 /i) and cyanide 
(4 72 /() groups ft was amorphous to x-ray as was the original compound, Fff fn 
contrast with the latter, whicli is an iodine salt, the bromide complex, I, as well as the 
covalent species. If, yielded products which were unambiguously characterized 
Thus, the leaction between F and excess benzyl bromide proceeded according to 
r,cjuation (4) and the piodiicts were isolated and identihed as dicyanotetrakisfbenzyl 
isocyanide)iron (If) V and cyanopentakis(bcnzyl isocyanide)iron (II) bromide Vf 
II. howevei, yielded only V Though the mechanism of the above reactions has not 
been investigated by the author, the observed products can be accounted for by the 
following sequence 

(CHjNQ^FeBr, )- (CHjNQjFefCN), 

C,H,CH.Br 

C„H.CH,Br (C,H,CH,NC),Fe(CN)^ 

A 

y (9) C,H,CH,Br 

A 

(QH,CH,NC)«FeBr, (QH,CH,NC) ,Fe(CN)Br 

V and VI were characterized by means of melting points, mixed melting points (with 
samples prepared by independent routes),*®' chemical analyses, and infra-red spectra 
(identical with those of known pure compounds) VI was confirmed by its X-ray 
diffraction pattern, which was identical with that of the known compound 

Acknowledgements — The author wishes to thank Drs H M Hubbard and J A C Allison for 
many helpful suggestions 
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ZINC CHLORIDE AND ZINC BROMIDE 
COMPLEXES— III 

STRUCTURES OE SPECIES IN SOLUTION 
DEC Morris, E L Shori and D N Waifrs 

Department of Chemistry, Brunei College. London W i 
(Received S I ebruarv 1963) 

Abstract Raman spectra of aqueous solutions containing zinc chloride or zinc bromide and of 
extracts into tn-n-butyl phosphate (TBP) have been obtained The spectra are in agreement with a 
tetrahedral stiucture (T,,) for the ions [ZnA,]- (A Cl, Br) and indicate that the molecules ZnA, 
have a linear configuration (D^^) in both aqueous and TBP solutions There is some evidence that the 
ions [ZnAd have a planar triangular structure (£),*) Probable arrangements are given for water and 
TBP molecules in the inner co-ordination sphere ol the zinc atom in the various complexes 

In order to obtain further mformalion on the structure and nature of zinc chloride 
and zinc bromide complexes tn aqueous solutions and m extracts in tri-n-butyl 
phosphate (TBP), investigations have been made of their Raman spectra Owing to 
the low intensity of Raman scattering, the measurements had to be carried out with 
rather concentrated solutions, but it appears that the results can be correlated with the 
properties of the complexes at low concentrations " 

EXPERIMENTAL 

Aqueous so/uiioris Suitable quantities of AnalaR zinc oxide were weighed out and dissolved in 
appropriate calculated quantities of hydrtKhloric acid or hydrobromic acid AnalaR acids were used, 
hydrobromic acid was freshly distilled before use Ln certain cases where it was desirable to have a 
relatively low halide concentration but to maintain an appreciable ionic strength, AnalaR perchloric 
acid was added 

The hnal solutions were either I M or I 5 M in zinc, and were centrifuged and allowed to stand for 
a few hours in stoppered tubes to allow any suspended particles to settle bcfoie the Raman spectra 
were measured Some solutions were prepared containing added sodium chloride or sodium bromide 
but 111 most cases any excess halide was added as hydriKhloric acid or as hydrobromic acid 

Oiganu solvent and extiacts Tri-n-butyl phosphate was pui ihcd by the method of ArrorK et al 
The dried compound was finally distilled under reduced pressure (b p 142'^ at 2-3 mm) 

Organic extracts were prepared by equilibrating 10 ml of the appropriate aqueous solution contain- 
ing zinc complexes with 10 ml of pure TBP at room temperature Samples of TBP pre-treated s\iih 
aqueous solutions with no zinc present were also prepared 

No difficulty was experienced fiom the formation of free halogens in the organic extracts As the 
TBP solutions slowly undergo degradation,'* spectra were taken shortly after their preparation 

Parti E L Shori and D F C Morris, 7 Inori' Nucl Chem 18, 192 (1961) 

Part II D F C Morris and E L Short, 7 Chem Soc 2662 (1962) 

K Alcock, S S Grimlly, T V Healy, J KtNNEOvandH A C McKay Trans Faiaday Sot 
52, 39 (1956) , 

A J MotFAT and R D Thompson, 7 Inoii^ Nucl Chem 16, 363 (1961) 

A S Kertes and M Halpern, 7 Inm^ Nucl Chem 16,308 (1961) 19, 359 (1961) 20, 117 

(1961) 


975 



976 


D F C Morris, F L Short and D N Watlrs 


Ranian spectta The Raman spteti*» weie nicasuicd btUh (a) phihe)graphically and (b) pholn- 

clettncally 

(a) The phoIO!;iaphie apparaliis tonsisled ol a Hilgcr Raman souiee-unil wilh mercury arc lamps 
and a Bellmcham and Stanley diiect-rcadmg wavelength spectiomctcr with camera attachment The 
dispc/simi of l/ic mstrumcnl w is about 1 ■) \'nim m the icgion ol the lines c veiled by I fg 4^58 A The 
\(>/umc (i/i/ic H til i tn t iihi. \iasLii 7/n/ '\co/}ccnf/,itct/s(>/ut/onci/ stid/utn fn trite was eiiiptoycit as a 
fillci surroundmt; (be simp/c tube f or each solulKm specli a ueic photoi;ijphcd with c\posiirc times 
up lo 6 III I'll n/o/d SR-tl binc-scnsiiivc plates A copper arc spectrum was used as a slandaid for the 
mcasuicmcru ol liccpicncics ot Ihc Raman lines 1 he cstmialed eiior in the obseived Af values is ea 
4 cm ' All ihe developed phologiaphic plates weic measuied on a Flilger non-recording miero- 
pholomclcr In a numbei ol eases both Stokes and anli-Stokes lines weie obseived to have been 
exeilcd bv Hg 4^58 A States ol polaii/ation could not be determined with this apipaiatus 

(b) Ihe photoelceii ic Raman spectrometer was designed and eonstiueteei in this Laboratory, and 
lull details will be published elsevvheie 1 he double monoehromatoi used as its dispersing elements 
two large 10 glass pi isms in a C /einv- 1 ui iiei arrangemenl Waveicngih se.inning was accomplished 
by meehanieally lolaling the two pi ism assemblies synchronously at a preset speed The emergent 
beam was allowed lo t ill on an L VI 1 0sl4S pholomiillipher lube The output of this detector was 
amphlicd and the lesullmg diieet eui leiil signal leeoreled on a Honeywell ehait recorder Wavelength 
eahbiation was obtained by observing the line spLctia of Hg, Na. Ai, He and the Raman specliiim of 
carbon tetiaehloiidc 

Fxeiting light fioni the Hg 4Ts8 A line was piovided by a helical low pressure meicuiy lamp of the 
loionto are ' type The lamp was walei-cevoled .ind was operated at ea 2 5 kW The inteiioi of the 
casing sen rounding the lamp was linished m while en one I lo give high reflexion A vci tieal glass tube 
ol reetangulai section and of capacity e.i 10 ml was used lo contain Ihc sample solutions' The bottom 
ol ihis cell consisted ol .1 (lal glass window through which ihe scattered light emerged into the optical 
svslein A eoneeniialcd soluiiou ol sodium mliitc was employed as a Alter surrounding the sample 
lube IV'lai i/aiion sludics were pcrlormcd by insci ting tubes ol polar oid between the sample cell and 
the lighl-souicc 

R I SUL rs AND DIS( USSION 

Speclta ot .1 number of aqueous solutions of zinc (II) conlaining varied concen- 
liations ot'cliloiide showed throe relatively intense polarized Raman lines at Ar 3()5, 
286 and 275 cm ' In the spectra of most of the solutions two of these strong lines 
were present, but at certain compositions, all three lines were piesent to some extent 
1 he intensities of tlie lines clianged markedly as the ratio of total dissolved chloride 
to total zinc ( 11) was varied and it was apparent that the tlirce lines arose fronr different 
zinc chloride complexes Raman spectra of TBP extracts from aqueous chloride 
solutions also showed lines of the same fiequcncics In addition, weak depolarized 
Raman lines were observed at 79 104 and 306 cin^^ in the spectra of certain aqueous 
solutions and IBP phases These lines were strongest in solutions containing a 
considerable excess of chloride 

In the spectra of aqueous solutions containing zinc and bromide and of corre- 
sponding TBP extiacts three relatively intense polarized Raman lines at 206, 182 and 
1 72 cm ‘ were observed T he relative intensities of these lines one lo another changed 
strikingly as the total bromide to total zinc concentration of solutions was varied 
Hence it was immediately apparent that the three lines arose from different chemical 
species Other much weaker depolarized lines at 66, 88 and 208 cm ^ were observed 
111 aqueous solutions and organic extracts containing a considerable excess of bromide 
Raman lines in the spectra of aqueous zinc halide solutions and TBP extracts 
were relatively sharp Some typical profiles arc shown m Fig I 

Our assignments of the Raman lines are given in Table I, which also lists conclu- 
sions of other workers Information from Parts I and II of this series was of assistance 
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Fk/ I —Raman spccira of solutions containing 
zinc , biomidc recorded photoeicctricall) 


1 ABLF I — OllSLRVLD RAMAN I Kl QULNr lES (Cm ') ANI> intIR ASSIONMtNT TO ZINC CHLORIOI 

AND ZINC BROMIDE SPreirS 


Species 

Picsent work 

Dflwaullf"'’ 

Kic,ki and Mankowski " 

(/nCl] 




ZnCI, 

305 

305 

304 

[ZnCI,] 

286 



[ZnCl.r 

275, 79, 104, 106 

282, 82 116 

282 

Species 

Present work 

Dei WAUi li " ' 

\ It UN and Plane"" 

[ZnBr]' 



205 

ZnBr, 

206 

208 

186 

[ZnBr,] 

182 

184 ’ 


[ZnBr,]' 

172, 66, 88, 208 

172,61 82,210 

172,61 81 211 


Frequencies in Clarendon type refer to the symmetrical stretching mode 

M L Delwauu_e, r R Acad 5(/ , /'ar/v 240, 2n2 (1955), Bid! Soc Chiiti f'mncc, (1955), 1 294 
Z Ke(;ki and J Mankowski, 7?nfzn/C/ C/ic»» 30,175 (1962) Z Speclrochim Acta IS, 

1165 (1962) 

W Yellin and R A Plane, 7 Amei Chem Soc 83,2448 (1961) 
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to the interpretation of our spectra Although the stability constants of Part I are 
valid only for an ionic strength of 0 691 M they do provide some indication of the 
relative proportions of different [ZnAJ‘“ ■'*' complexes (A CI,Br) in the aqueous 
solutions studied by Raman spectroscopy Similarly, conclusions drawn in Part II as 
to tlie composition o( zinc species which aie extracted into TBP could be correlated 
with the spectral observations 

It will be seen fioni Table I tiiat the Raman lines observed by us correspond 
closely for the most part with those reported by other workers However, there is a 
disci epancy between our assignment and that of Ylli in and Pi.anl*'*' of the frequencies 
206 (205) and 182 (186) cm ' observed in the spectra of solutions containing zinc 
bromide complexes This merits some comment at this stage YtLLiN and Planl 
appeal to base their assignments of the major Raman lines of Zn-Br complexes 
primal ily on Jon plots However, it apears to us difficult to measure the relative 
intensities of incompletely resolved Raman lines with sufficient accuracy to yield 
entiiely unambiguous Jon plots Moreover, the validity of the Jon method'®’ for 
intcrpieting the composition ol complexes has recently been shown to be question- 
able in cases where, as here, theie can be a change in stereochemistry between 
successive complexes Moie positively, it is known from Part JI of the present scries 
that fZnBr]’ is exliacted only to a negligibly small extent into TBP from aqueous 
solutions of hydrobromic acid Yet the Raman line at 206 cm ’ appears with high 
intensity in the spectra of a number of TBP extracts In addition we hnd that the 
variation in intensity of this line in the spectra of aqueous solutions containing a 
constant amount of zinc (II) and dillerent amounts of total bromide matches the 
vaiialion in intensity of the line in the spectra of corresponding TBP extracts, this 
implies that the line 206 cm * is due to analogous species in both phases 

Sirucluie of the Zn- ocf ion 

We consider that the “free” ion Zn^' in aqueous solution has six molecules of 
water arranged around it octahedrally lorming a primary or inner hydration sphere 
This conclusion is supported by a number of arguments, such as the following 

(a) Since Zn-’ has a completed 3r/-subshell (’S',,) and a spherical electronic charge 

distribution,'”’ it may be expected to be surrounded symmetrically on average by 
water molecules in ac[ueous solution A sixfold coordination of water molecules is 
to be expected on geometrical grounds if the radius ratio is the major factor 

determining the stereochemistry of the primary hydration sphere 

(b) The model for the structure of liquid water proposed by Van Panthaleon 
Van E( k cI al seems to favour six-co-ordination of water molecules around zinc 
ions If the ions are visualized as occupying lattice points m the symmetrical octa- 
hedral structure of liquid water the energy change required to accommodate them 
should be a minimum 

P Jon, Ann Cfiini [10], 9, 1 1 3 (1928) 

'*“> W Libus, A UoNitwsKA and S Minc, Rocmki Cheni 34,29 (1960) 

A Unsoi I), /t/m Phys 82, 355 (1927) 

iiai (;" L Van Panthali-on Van Eck, H MpNijEcandW Booc,, Discuss Faraday Soc 24,200(1957), 

C L Van Panthaleon Van Eck, H Mendel and J Fahrenfort, Proc Roy Soc A 247, 472 

(1958) 
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(c) A large number of crystalline salt-hydrates*^®> contain the group [Zn 6HijO]2+ 

(d) An interpretation of the enthalpies of hydration of divalent ions of the First 
Transition Series from the standpoint of the ligand-field theory is possible on the 
basis that the ions are octahedrally coordinated in water The same criterion 
applies to the interpretation of spectroscopic and magnetic data for the hydrated 
ions 

Stiuclure oj the species [ZnA]^^ aq 

We could identify no definite Raman lines in the spectra of aqueous solutions 
of stocheiometric composition (a) M ZnClCI 04 (b) M ZnBrCI 04 apart from lines 
attributable to C 104 ~' One would expect from stability constants'" that such solutions 
should contain a considerable proportion of the ions [ZnA]' In particular the virtual 
absence of a line at 206 cm " in the spectrum of (b) is further evidence against the 
assignment of this line to [ZnBr]^ by Yellin and Pi ane We conclude that the zinc 
halogen interaction in [ZnA]' is probably essentially ionic, since Wixedward 
and coworkers'^"’ have deduced that the intensity of the Raman effect for an electro- 
static ion pair would be at least a hundred times weaker than that resulting from a 
covalent bond 

From a compaiison of values of the standard partial molal entropies S,, derived 
from Cobble’s"'* empirical equation for the ions [CdCI]^, [CdBr] and [Cdl]"' in 
aqueous solution with observed values for S',,, it appears that the halide replaces one 
water molecule from the hydration shell of the Cd^ cation in the association reac- 
tion Also on the basis of X-ray measurements Van Panfhai ion Van Eck'*®* has 
proposed that the ion [HgCl]‘'aq possesses sixfold coordination [HgCl 5H,0]‘ B) 
comparison it may be suggested that the formation of the complexes [ZnA]‘ aq 
involves the replacement of one water molecule of [Zn 6H>0]-' by a halide ion 

St! lectures of the yiccies Zn Aj 

I he strongly polaii/cd Raman line Af - 305 cm ' observed in the spectra of 
aqueous solutions containing chloride and zinc II in t he concent i at ion ratios ca I 5-4 5 
and in the spectra of correspcmdmg 1 BP extracts is assigned to the symmetric 
vibiation of linear Cl Zn Cl Similarly the fiequency 206 cm ' observed in the spectra 
of a number of aqueous zinc biomide solutions (total Br/total Zn ca 1 5 4) and TBP 
extracts we attribute to linear Br Zn-Br 

We propose that in these species in aqueous solution the zinc atom possesses 
octahedial coordination, with two covalent Zn A bonds and four Zn OH. 
contacts This is similar to the stereochemical arrangement proposed for HgCU aq 
on the basis of X-ray diffraction measurements '*'*• 

A F Wllls Stuictiiral liioit^anic Chiiiustr\\(Mii Fd ) Clarendon Press, Oxford ( 1962) 

"" J S GRiiririi and L t Ori.h , Qiiait Rev 9, I8I (1957), P GroRia and D S McChre 
Ptoc^r Ifiori; Clwrn I, 381 (1959) 

” ' C K JoRt.tNSLN, Absorption SpecUa ami Chemical Bondmp in Coiiipiews Pcrg.inn'n, Oxford 
(1962) T M Dunn, Modem Conidination ( hciiiistn, (Fdited by J liwis and R 
Wii KINS) p 229 Intcrscicnce, New York ( I960), N Fir.ras and I Lrwis, ibid p 400 
J H B GroRCib, J A Rolii and L A W(X)I)wari), Tians Poradav Soc 49, 375 (1953) 

I W CoBBLr,,/ Chem Pins 21.1446(1953) 

J M Austin, R A Matueson and H N Parton, Ihe Slnicrnn of LIccirotxuc Soluiions. 
(Edited by W J Hamer) p 365 Wiley, New York (1959) 

C L Van Panthaleon Vak Ec k, Thesis, Leiden (1958) 
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It seems likely that the complexes ZnAj 2TBP present in TBP extracts'^' have 
associated svater molecules In these complexes the zinc atom again probably has 
co-ordinalion number six with two Zn A covalent bonds, tw'O Zn OP (OBu )3 
contacts and two 7n OH^ contacts 

SlriK lines of the speiies [ZnA,]- 

1 he Ictiahedial stiiictuie of the ions [ZnCI,]- and [ZnBi,]- in crystalline com- 
pounds has been established by vaiious workeis(c g see Morosin and LiNGArmFR^'^^O 
l iom the Raman spectra of aqueous solutions and TBP extracts containing excess 
of halide the following lines can be assigned to the species [ZnCl 4 ]- and [ZnBrj]“ 


IZnCI,)- 

Ailein ') 

79 

104 

275 

306 

(ZnBi ,1- 

Ar(cni ') 

66 

88 
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Inlcnsily 


St long 

Si rung 
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strong 
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weak 

I’olari/aliDii 


111 pol.iii/ed 

IXpolan/etl 
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polai ized 

Dcpolari/cd 

AssigniTH,J)t 


1,(1 ) 

'StF,) 

I'llA,) 



These were the only lines attiibutable to /me halide complexes that could be 
obsened in the speclia of aqueous solutions containing a (total hahdc/total zinc) 
latio of ten and of coi lesponding TBP extracts 

I he number of observed frequencies and the states of polarization provide strong 
evidence that the species [ZnA,]- possess legtilar tetiahedral structure (point group 
T^^) in solution 

The fact that Raman frequencies characteristic of [ZnCI,]- and [ZnBrjj- are 
observed in the spectia of IBP extracts shows that the acido-species H^ZnA, 2TBP 
must be regarded as associated electrolytes By analogy with the results of physico- 
chemical studies of the extraction of mineial acids into TBP*--* it appears that the 
species may be foimulatcd as [H TBP [ZiiA,]^ 

Si! IK lutes oj the spates [ZnA3]~ 

It IS clear from stability constants*'* that [ZnCl^j can only be investigated in 
aqueous solution in the presence of appreciable amounts of the complexes ZnCI, or 
[ZnCI,]- However, a strong polarized line at 286 cm ^ could be detected in the 
spectia of certain aqueous solutions and conesponding 1 BP extracts and was assigned 
to [ZnClj]^ Among the spectra of aqueous solutions studied the line was of highest 
intensity in the spectrum of a solution with a (total chloride/total zinc) ratio of 3 2 
This line was very intense in the spectrum of a TBP extract from this aqueous solution 
and could be detected in extiacts from aqueous solutions with a (total chloride/total 
zinc) latio varying from ca 2 5 to 4 5 Two lines at 236 and 348 cm ' which could 
possibly be assigned to [ZnCI,] seemed to be present in some of the spectra However, 
these lines were so weak that they could possibly have been confused with background 
fluctuation 

B V NhKRASSOV and V V Ovskyankina,^ Gen Chein USSR 11, 573(1941), H Irvinc, and 
F J C Rossotti, y Chem Sac J927 (I955) 

B Morosin and E C Lingaflcti-r, Tt/a Crysf 12,611,744(1959) 

A S h-bRn-s, y Inoig Nud Chem 14,104(1960), A S ICbRTEsandV Kfrtls, ra/ia4 J Chem 
38,612 (1960), E Foa, N Rosintal and Y Marcus, y Inorg Nucl Chem 23, 109 (1961) 
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The line at 182 cm ^ observed in the spectra of a number of aqueous solutions 
and TBP extracts containing zinc bromide complexes (Br(„,/Zn(„( ca 2-7 5) was 
assigned to [ZnBr,]^ and is presumably the v^ fundamental vibration frequency 
It was not possible to identify any other Raman lines of this species 

The similarity in solvent extraction behaviour of trichlorozincate and tribromo- 
zincate reported in Part II suggests that in solution [ZnBr,]^ is structurally similar 
to [ZnClg] We propose the structure I shown in Fig 2 for these ions in solution 
This conclusion is supported by a number of considerations, such as the following 

0=Zn 

• A 



VZ 

bio 2 — Possible structures for a species ZnA, in solution IV is a possible structure 
of a dimer 1 is the structure most in accord with available evidence 

(a) The ZnCl, part of structure I in Fig 2 would be expected to give rise to three 
Raman lines (one polarized), whereas ll would give rise to four lines (two polarized). 
Ill would yield six lines ( three polarized) and IV nine lines (four polarized) 

(b) Structure I is the most likely on the basis of minimization of halide halide 
repulsions 

(c) Successive step-formation constants K, — [MLJ/[ML^ i][L] of a series of 

mononuclear complexes formed by a metal ion M and identical ligands L m aqueous 
solution usually decrease in magnitude This may be expected from considerations 
of statistics, steric factors and, for charged ligands, of coulombic interaction 
Moreover, values of log are usually positive and approximately equal 

L A WooowARD, Quail Rei"! 10, 185 (1956) 

J BjhRRUM, Metal A/iiniine Formation in At/ueous Solution Haase, Copenhagen (1941) 

C L Van Panthaleon Van Eck, /ter Fiav Chini 72, 529 (1951) 
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Exceptions to this behaviour may occur if the successive complexes do not possess 
similar stereochemistry (although other factors which may cause anomalies are a 
change m the ground state of the metal ion, -n bonding, or steric hindrance) 
Some plots of log against (j 1 ) are shown in Fig 3, and it might be inferred from 
these that the ions [ZnA,] aq arc of different structure type from ZnAg aq (octahedral) 
and [ZnA,,]- aq (tetrahedral) This would favour the acceptance of structure i 
ratherlhan structuies II and III in Fig 2 for [ZnCI ,] or [ZnBrJ m aqueous solution 



()-i) 

Fk, S Log a , as a luiKliun i)f (y I) lor (1) [AIF,]" (2) [NKN^H , 

(t) [Co(NII,),|- ,(4)[ZnC!J'- (5) [ZnBrJ'- ’ 

(d) Stiucture I m Fig 2 is similar to that pioposed by Van Panimalion Van 
Eck”®’ for [HgCI,] aq on the basis of X-ray diffraction measurements It is also 
relevant to note that according to Brodcksen and Rudorff*®’' the compound 
Hg 2 NHBi 2 should be formulated as [HgifNH)^]’'^ [Bf] [HgBr,]~, the [HgBrj]^ ion 
having a triangular planai configuration 

(e) The number of TBP molecules associated with complexes containing [ZnBra] 

IS in accord with structure 1 in Fig 2 and is not compatible with the other structures 

CONC LUSIONS 

It appears that minimization of halidc-halide repulsions is a major factor deter- 
mining the shapes of zinc chloride and zinc bromide complexes 

(2«] p j c Rossotti, Mot/fi « Co-oir/iiiaUwi C/ie/imlrv, (Ldited by J Lewis and R G Wilkins) p 1 
Jnterscicnee, New York (I960) 

K Brooerscn, Cryii 8, 723 (1955), K Brodersen and W Rudorff, Z Naturfonch 9B, 
164 (1954) 
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The change in co-ordination number from six in [Zn bHaO]-^ to four in [ZnA^P" 
can be correlated with Pauling’s electroneutrality principle According to this 
principle’***’ stable complexes are those with structures such that each atom has only 
a small electric charge approximating to zero (that is, in the range 1 to +1) Since 
Cl and Br~ are more polarizable than HmO*, a suitable reduction in the charge of 
Zn*+ from its formal value of +2 may be expected from the co-ordination of fewer 
Cl ■ or Br^ ions than H^O molecules An alternative explanation of the preferred 
co-ordination numbers with the different ligands can be obtained from the orbital 
contraction theory of Craig and Magnussen*”’ (see Nyholm’**’) 

Ackno^tled^ementi--'Xhs authors are grateful lo Messrs Hilgcr and Watts Limited lor the loan of a 
Raman source unit fhey are indebted to Dr P L GocciIN for helpful correspondence 

* Electronic polarizabilities ol Cl and Br are 3 53 and 4 97 A^, respectively, according to 
Eajans and Joos Coiresponding magnitudes due to PAULiNtj'®*" are 3 66 and 4 77 A’ The 
polarizability of I CO is 1 48 A^ 

( 2 «i j PaulinCi, y (. heiti Soc fl948), 1461, The Nalure oj the C hemical Bond (3rd Ed) Cornell 
Univ Press, New York (1960) 

K. Fajans and G Joos, Z Phys 23, 388 (1924) 

L Paui INO, Prut Roy Soc A 114, 191 (1927) 

(111 £) p ChaKj and E A MAtiNUSStN, y Client Soc 4895 (1956), Discuss Faraday Soc 26, 116 
(1958) 

R S Nviioi M, P/cx Chem Soc 273 (1961) 




J Inorg NucI Chcm 1963, Vol 25 pp 985 lo 993 Pergamon Press Ltd Printed in Northern Ireland 


THERMAL DECOMPOSITION OF METAL COMPLEXES— VI 
SOME AMMINE COBALT (II) COMPLEXES'** 

W W WLNDI.ANDT and J P Smiih 
AFOSR Center for Molecular Research, Department of Chemistry, 

Texas Technological College, Lubbock, Texas 


(Reccirptl 27 Dctcmhei 1962, in rei'itet/ form 15 Februurv 1963) 


Abstract — The thermal dissociation of a number of cobalt (II) amminc complexes of ihe type, 
[CofNHjldX, (X Cl, Br, 1, and NO,), and [Co(NH 3 ),]SOi, were studied by thcrmogravimetry 
differential thermal analysis, and gas evolution analysis I he thermal dissociation of these complexes 
involved intermediate amminc complexes containing lower ammonia to cobalt raticis for the 
chloride and bromide complexes, the dissociation sequence was [Co(NH,),]X, -» [CotNHifdXj ► 
[Co(Nff,)]X 2 — “CcXj The stoichiometry of the dissociation of [Co(Nfl,),l( NO ,1^ was 9[Co(NH3)r 
(NO,), vftOjO, , 30NH, - 36HjO T I7N, 4NO - 2N,0 

Tilt- thermal dissociation of the hexammmes of the cobalt (11) halides and sulphate 
has been the subject of a number of investigations The hcxamminccobalt (fl) 
chloride and bromide lose four moles of ammonia per mole of complex when heated, 
to yield the diammmes, [Co(NH 3 )_,X 2 ](X - Cl. Br) Two forms of the diammines 
wcic obtained, a thermally unstable purple coloured /f-form (trans-) and a stable 
pink coloured a-foim (cis-) Upon further heating, the diammines yielded the 
respective nionoammtnes and then the anhydrous cobalt (II) halides 

Similaily, hexamminecobalt (II) iodide thermally decomposes to the diammine 
which exists in an unstable malachite green colouied /Tforni and a stable blue coloured 
7-lorm '' Further heating gives cobalt (II) iodide rather than the monoaminme 
as in the case of the other halide complexes 

The thermal dissociation of the pentamminecobalt (II) sulphate gives 
[Co(NH,) 4 ]SO^ at 106-116°, [Co(NH02]SOi at 254’, and [Co(NH,),j JSO^ between 
254 and 257° There ts also reported that a triammine can be prepared by heating 
[Co(NH 3 ),]S 04 at 133° 

In connection with our studies on the thermal dissociation of the [Co(NH 3 \]X_,*®’ 
and [ColNHjljXlX^'*"’ complexes, it was of mtciest to investigate the thermal 

For Fart (V) see W W WcNDiANor and J P Smith J fnoi" b<iicl Chcm 25, 843 (1963) 
F Rosf, Umentiichuic^en iibci ammomakuUschc kohall iiihmdim^cn Fleidelbcrg 26, (1871) 
W Bii TZ ,ind B Fetkfnhi otR, / Arioii; chcm 89,97(1914) 

"A Nadmann and J Rili.At Chcm Diuh On 42. 3792(1909) 

G L CiARK, A J Quick and W D Harkins, J 4ni<*i Chcm Soi 42,2483 (1920) 

G L CiARK and H K BucKNrR, 7 -tnur Chcm Soc 44. 230(1922) 

C F RAMMFi,SBrRc., Pugg Ann 48,155 (1839) 

F Ephriam, Phvs Chcm 83, 196(1915) 

W W WbNDLANi)i,7 Inoiif Nui! Chcm 25, 545 (1963) 

W W Wfndlandt and J P Smith, 7 Jnoii^ NucI Chcm, In press 
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disbociation of the [Co(NH (X Cl, Br, I, and NOj) and [Co(NHj)^]S 04 
complexes The compounds were studied by the techniques of differential thermal 
analysis (D1 A) theiniogra\imetric analysis (TGA), and gas evolution analysis (GE) 

hXPERIMLN I AL 

Thctitioluiliiiiii' The .uitiim.ilic recording thcrmobalance has previously been described 
Sample sires ranged in wcighl from 50 lo 100 mg The complexes were pyrolysed in a static air 
atmosphcie at an alniosphcrie picssure of aboul 680 mm The furnace heating rale was about 5 C 
pci min 

Diffeit nlKil /in I inn/ uniih'.i',- gio cioliilioit appuuitii\ The apparatus used has previously been 
clesenbcd Sample siros i urged in we'ight Irom 50 60 mg The heating rate was about 10 C per 
m 1 n 


I MU I I AnaIVSKSOI ( OllAl r ( II ) AMMINI rOMPIIMS 


C oba 


( ompound 

Ihcor 

[Co(NH,),l( b 

25 40 

f/s-K o(NH,),K 1, 

35 96 

Z/-u/u-(CotN)l,),.Jt 1. 

35 96 

[(o(NH,)]( U 

40 13 

[Co(NHi),]Br, 

18 ,36 

co-lCo(NH ,)i]Br 2 

23 31 

liaiix-[C o(NH lUHr^ 

2.3 31 

[Co(NH,)lBr, 

25 00 

[Co(NH,)„ll 2 

14 20 

<n-Ko(NH,)2]li 

16 99 

//mo-lCo(NHj).|l. 

16 99 

(Co(NH,)„](NO,). 

20 67 

[Co(NH,)4l(NO,)2 

23 47 

[Co(NH,),]SO, 

22 92 

fCotNIIal.JSO, 

26 41 

lCo(NH,)„,]SO, 

36 05 


: ("„) 

Ammonia (°„) 

hound 

1 hcor 

Found 

25 9 

44 04 

44 1 

35 8 

20 78 

20 3 

35 5 

20 78 

21 0 

42 0 

1 1 59 

10 3 

18 5 

31 84 

31 7 

23 4 

13 47 

13 8 

23 0 

13 47 

13 0 

25 8 

7 22 

6 84 

14 2 

24 62 

24 8 

16 8 

9 82 

9 9 

16 0 

9 82 

100 

20 8 

35 84 

36 1 

23 0 

27 13 

27 3 

23 3 

39 73 

41 3 

25 8 

30 53 

30 2 

36 3 

5 21 

5 3 


Preparation of complexes The complexes, [CofNHatolX^ (X ^ Cl, NO,) and [CoflslHjldSOj, 
were prepaied by reacting gaseous ammonia with methanol suspensions of the salts as previously 
described The rose coloured precipitates were filtered olT and dried at 80 in an atmosphere of 
ammonia 

The complexes, [Co(NHi)i]X^ <X Br and 1) were prepared by adding concentrated HBr and 
HI to a concentrated aqueous solution of cobalt (II) chloride, neutralirimg with ammonium hydroxide, 
and cooling The crystals were collected and dried as described above 

The mlcrmediale ammine complexes, /J-[Co(NHi) 2 ]Xj (X = Cl, Br, I,), [Co(NHi)j]SOi, and 
[Co(TslH-,)i](Tsl 05 )a were prepared by healing the hcxammincs m vacuo at 100' for 24 hr The complex, 
{Co(NH,)]n jSOj, was prepared by heating the hexammine in vacuo at 275" for 24 hr 

The nitrate complex was analyzed for cobalt by ignition in air at 800'^ and weighing as Co ,04 
The other complexes were analyzed for cobalt by ignition of the compounds in helium and weighing 
as the anliydrous salts The ammonia was determined by the Kjeldahl method The results of the 
analytical determinations are given in Table 1 

(111 W W Wendlandt, T D Giorge, K V Kkishnamurty, / /nor^ Nucl Chem 21,69 (1961) 
(lai w W Wendlandt, Analyt Chim Ada 27, 309 (1962) 
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RESULTS AND DISCUSSION 

Weighf-loss studies The weight-loss curves for the cobalt (I() amrrune complexes 
ate given in Fig 1 while the weight-loss data are given in Table 2. 

The weight-loss curves indicated that all of the compounds began to evolve 
ammonia in the 80-90” temperature range Intermediate ammines, as indicated from 



T emperolure, **C 


fi(- 1 - Wcjght-loss curses of ammiae complexes 
IaHI l 2 — Wl If.lll-LOSS DAIS lOR ( OBALP (11 ) AMVIlSE COMI’l ISIS 


Weight-loss (“„) 


Compound 

[Co(NHi)JX, 
Thcor round 

lC'o(NH,)lX. 
Thcor 1 ound 

C oX, 

I heor I ound 

[(o(NHj),]CI. 

[Co(NH,)„]Br. 

[Cot NH, loll. 

180 C 

29 16 28 2 

178 

2 1 22 20 4 

192 

1642 16 5 

220 

46 70 36 0 

219 

26 54 26 2 

402 

44 04 43 8 

300 

31 84 31 8 

415 

24 62 80 7 


[Co(NH,).1(NO,1. 


Co.Oj 

[Co(NH0„](NO,)2 

125’ 

1 1 95 1 1 9 


185 

71 85 71 0 


[CotNlMdSO^ 

KotNH,),, dSO, 

CoSO, 

lCo(NHi)dSO. 

1 n 

15 24 14 1 

304 

46 42 35 6 

321 

39 74 41 5 
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breaks in the weight-loss curve, were found for [Co(NH3)g]Cl2, [CofNHjjgJBr^, 
fCo(NH and [Co( NH ,)h](NO,)u However, the hrst two complexes gave three 
breaks in the curve while the last two had only two The nitrate complex, due to the 
presence of reducing (ammonia) and oxidizing (nitrate) groups, exploded at about 
180 ' 

The weight-loss curves for [Co(NH,),,ICT and [Co(NHj)g]Br, were similar to each 
othei Cuive bleaks at 178-180' indicated the compositions, [Co(NH))2]Brj and 
[C'o( N H respectively Other curve bleaks at 219-200° indicated the presence 

of the monoammmes [Co( NH,)]Bi_, and [Co(NHj)]CI.,, while the anhydrous salt 
honzontal weight levels were obtained m the 300-302° temperature range Thus, 
the thermal dissociation sequence apptears to be (where X - Cl and Br) 

[Co(NH,)JX, fCo(NH,),]X, , 4NH, 

[to(NH,),lX.~-v[Co(NH,)]X, : NH3 

[Co(NH,)lX, J-CoX, I- NHj 

The weight-loss cuive foi [Co(NH,)hlIj had only a rathei indefinite break at 
195 1 he stoicliiometiy of the eompound formed at this temperature, as calculated 

from weight-loss data, was that of [Co(NH,),]l^ Above this temperature there was 
no evidence foi the formation of any other intei mediate am mines nor of the anhydrous 
Col^ Instead of C'oh as shown by 'I able I, the oxide, CojOj, was obtained at 315 ’ 
This IS piobably due to the oxidation reaction 

3[Co(NH,)JL I 2CT-^^CojO, , 3l^ I 6NH, 

This reaction is substantiated by the data for the weight-loss to the oxide 80 66 
per cent theoi , 80 7 pei cent found 

1 he weight-loss curve foi [Co( NH^)r,](NO,)2 showed that two moles of ammonia 
per mole of complex were evolved, giving a break in the curve at 125’ which corre- 
sponded to the stoicheiometry, [Co(NHj),](NO,)2 On further heating, the tetiammme 
exploded at 180°, giving a residue of Co,0, 

The weight-loss cuive for [C’o(NM,)„]S04 gave no well defined breaks as was 
found for the other compounds The curve break at 113° approximated the com- 
position, [Co(NH,,),]SOj, while the break at 303° approximated that for 
[Co(NH,)„ ,j]S04, however, these compositions might be fortuitous fhe anhydrous 
salt, C0SO4, was obtained at 340° 

Di/fcicntial tlieimal analysis- gas evolution studies The DTA curves of the 
ammine complexes are given in Figs 2-4 while the GE curves are given in E'lgs 
5 and 6 

The DTA curves for the various [Co(NH,)„]Cl2 complexes, Fig 2, showed 
evidence for the formation of the diammines and monoammmes, as previously 
indicated by the weight-loss curves The origin of the various endothermic peaks 
was determined by obtaining the DTA curves of authentic lower ammine complexes 

The DTA curve for [ColNHjl^JCl^ had three endothermic peaks, with peak 
maxima temperatures, henceforth referred to as peak temperatures, of 143°, 231°, 
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Fkj. 2 Dillcrcntial thermal analysis turves of amminc complexes 
'I [ColNHolJCU, /J (Co(Nll3)]Ch, f </s-[Co(NH3).]Cl3, 

D //<///r-(Co(NII,)3]Cl3 



Fio 3 — DilTcrtntial theimal analysis turves of ammint tomplexes 
A [Co(NH 3 )„]Br 3 , if c;v[Co(NH 3 ) 3 ]Br,, C m-[C otNHolJBr^ and A1 .Oj, 

D [CofNHjilBij 
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TEMPERATURE *0 

(r i nillLicniial thcmi.il an,il)sis cuivcs of ammine complexes 
t (n-fCo(NH,l,]Ii /i m//n-[Co(NJr,)JI., C [ColNHj),]!^ 
I) (C o(NUj),|SO,, F (Co(NH,)„](N(),), 


TEMPERATURE *0 


Flo Gas evolution turves of amminc tompicxts 
4 //Tws-[Co(NH,)JCl2, B to-lCo(NH,).]Cl.., C [ColNHiJjLlj, D [Co(NH,)]Br 
L cis-iColNHjlilBrj and AljOj, F fM-[Co(NH,)2]Br2, 6 [Co(NHj)„]Cl2, 

H [Co( NH,),,]Brj, ! Co[fNH3)„]I, 
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and 286°, respectively On the basis of the DTA curves for as- and trans- 
[CoCNFialJCI^ and [Co(NH,)]Cl 2 , the assignment for these peaks is as follows 

(a) 143° endothermic peak 

[Co( N H ,)6]C1„ - [Co( N I , - 4N H , 

(b) 231° endothermic peak 

[Co(NH,) 2 ]CI. ► [Co(NH,)]CI, - Nil, 

(c) 286° endothermic peak 

[Co(NH,)lCI, ►CoCK NH, 

There was a slight shift in peak temperature for the first peak in the curves for 
CIS- and tr«An-[Co(NH,)j]Cl, The cis- peak temperature was 234 m contrast to the 
Irans-pcak temperature of 227° The second peak temperatures however were 
much closer together, at 293° and 290°, respectively 



Fig 6 — Gas evolution curves ot amminc conipleses 
A [Co(NH,).I(NOt),, B [CotNHjl.SO, 

All of the GE curves for the cobalt (II) chloride ammincs had peaks at the same 
temperatures as the peaks found in the DTA curves This indicated that all of the 
reactions found in the DTA curve resulted in the evolution of a gaseous product 
The DTA curves for the [Co(NHj)„]Br_; complexes. Fig 3, were similar to those 
obtained for the [Co(NH 3)„]C1, complexes The curves were complicated by the 
fusion of the ammine complexes at temperatures above 200" This resulted in a 
system containing liquid -> gaseous state equilibria which gave many small 
endothermic peaks m the curve 
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The DTA curve of [Co(NH^)h]Br, gave three major endothermic peaks with peak 
temperatures of 168 , 233^. and 308 respectively Also present was a smaller 
shoulder peak at about 265 From the curves for </r-[Co(NH 3 ) 2 ]Br^ and 
fCo(NH.,)]Br,, the assignment for these peaks is as follows 

(a) 168 ’ endothcimiL peak 

[ColNUpjBr^ ► [CofNHdJHr^ l 4NHj 

(b) 233 endothermic peak 

[Co(NH,),,]Bi> ^ [Co(NHj)]Br2 i- NH, 

(c) 308 endothcimic peak 

[Co(NHt)]Br2 vCoBr^, ! NH3 

f rom the ciratic behaviour of the curve above 26(r, the sample must be in the liquid 
stale above this temperature 'I his behaviour is illustrated more clearly in the curve 
for ( /s-[Co(NH 3 ) 2 ]Brj Veiy shaip pronounced peaks weie obtained above 260“ due 
to the decomposition of the fiiscel [ColNHj^lBr^ On mixing the diammine with an 
equivalent amount of aluminium oxide, curve C was obtained which had a broad 
endothermic peak at 295’ instead of the senes ot small peaks Apparently, the 
aluminium oxide aids in the dissociation of the nionoammine by foiming a larger 
surface area 

The cuive for the nionoammine, curve /) showed that the compound fused 
between 170-210 A capillary tube melting point delermination of this compound 
gave a melting point of 201 203', which is ninth lower than the 260" previously 
reported Again the eiiatic behaviour of the cuivc was due to the decomposition 
of the fused nionoammine The peak at 455 ' must also be related to the dissociation 
of this compound although the peak temperature was much higher than that found 
in the other curves The decomposition of the fused nionoammine gave a senes of 
small sharp peaks in the GE curves of these compounds also as shown in Fig 5 

The DTA curves of the (Co(NH,), ]F complexes, as given in Fig 4, were also 
similar to those obtained for the [Co(NH,),|]Cl 2 complexes The complex, 
[Co(NH,)|,]l,. gave DTA curve peak temperatures of 178", 210“ and about 300’, 
respectively On the basis of the curves for r/v- and t/fl/i5-[Co(NH jl^jf,, the assign- 
ment for these peaks is as follows 

(a) 178“ endothermic peak 

[Co(NH,)JF MColNH,),]!^ | 4NH, 

(b) 210" endotheimic peak 

[Co(NH, ),]!.(') ^ ICo{NH,yF(l) 

(c) 300" endothermic peak 

[CofNHjyF-^Cof^ I-2NH3 

The two compounds, c/s- and tra//v-[Co(NH ,),]l 2 gave practically identical DTA 
curves 

The DTA curve for [Co(NH,)fi]S 04 as shown in Fig 4, A gave two rather broad 
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endothermic peaks with peak temperatures of about 130" and 240°, respectively 
Tt was not possible to assign definite chemical reactions to these peaks 

The DTA curve for [Co(N H,)g](N03)2, as shown in Fig 4, E, gave two endothermic 
peaks, with peak temperatures of 137“ and 180°, respectively, and an exothermic 
peak at 210 The 137° peak is due to the reaction 

[Co(NH 3 )J(N 03 ) 2 - [Co(NH3)J(N03)3 ! ZNH, 

while the 180’ peak is apparently due to a phase transition since a GE peak. Fig 6, 
was not observed in this temperature region It is obvious that the 210° exothermic 
peak was due to the explosive decomposition of the tctrammine complex 

Dnsonation o/ [Co(NH,)g(N03)> The stoichiometry of the thermal dissociation 
of [Co(NHj)(,](NO ,)3 was of interest because of previous studies on the analogous 
Co(lll) compound, [Co(NH 3),,](NO,)3 Mass spcctrometric analysis studies on the 
decomposition gases icvealed the presence of N^O, NH,, NO, N^, and H^O From 
the gas absorption tram and the modified Dumas nitrogen apparatus, the following 
stoichiometry data sseic obtained NHj/Co, 3 17 found, 3 33 iheor , H2O/C0, 
3 87 found, 4 00 theor , NHj/N^, 1 8 found, 1 77 theor 

Although not all of the reaction products were determined in the analyses, the 
data suggest that the thermal dissociation reaction is as follows 

9[Co(NHj)J(NO,), >300^ 30NH, ! 36H.O ‘ 17N, -4NO 2N,0 

In the thcimal dissociation of [Co{NH,\](NOj)3, ammonium nitrate was also found 
m the reaction pioducts but nitrogen (IJ) oxide was absent For the coriesponding 
mtio-complex [Co(NH diCNCN),], only nitrogen, water, and CojOj were obtained 

4ckiwn/i(/!^’(’iiu‘iif -This work \sas supported by the U S Air Force, Office of Scientific Research, 
through Grant No Ar-ArOSR-23-fi3 

O 1 Clark, A J Quick <incl W D Harkins,/ 'hiur Chem iut 42,2483 (1920) 
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COMPLEXES OF TETRAPEROXYDITUNGSTATE IONS 
WITH MANDELIC AND GLYCOLLIC ACIDS 

D H Brown 

Chemistry Department, Royal College of Science and Technology, Glasgow 

{Received 27 November 1962, in revised foim 6 March 1963) 

Abstract — Mandelic and glycollic acids form 2 1 complexes with tetraperoxyditungstate ions over a 
limited range of pH The nature of the complex ions formed has been investigated by polarimetnc, 
potcntiometric and spcctrometnc methods 

The existence of two different peroxy tungstate ions was confirmed by Jahr,"’ 
SoucHAY*"’ and Iridot The two anions WOg^ ' and are formed by the 

addition of hydrogen peroxide to an aqueous solution of sodium tungstate and 
adjusting the pH The reactions involved arc 

WO 4 -- h 4H,0,, WOg- f 4H,0 
2 WOh’ I 2H' i 3HP VV204 i^- T-4H,0, 

In weak acid solution, where the hexatungstate ton exists,**’ an excess of 

hydrogen pyroxide appears to cause the reaction 

[HW^Oji]^’ ' 12Hp> - TfWPi,]*- +- HM 12HP 
The suggested structuies*” for these complex 10 ns involve the Op ions in place of 
the 0““ 10 ns in the normal tungstate 10 ns Complexes of normal tungstate and of 
both the pcroxytLingstate ions with D-tartaric acid have been described*®'’’ The 
stoicheioimctiy of these complexes was 1 I tartaric acid to tungstate, 1 1 tartaric 
acid to tetiaperoxyditungstate and 1 1 tartaric acid to tetraperoxytungstate 10 ns 
Since mandelic and glycollic acids also complex with normal tungstate ions,**’ giving 
2 I complexes, they have now been investigated as possible ligands for the peroxy- 
tungstate ions 

HXPbRIMhNTAL AND RESULTS 

Fig 1 shows the potentiomctric titration {a) of 50 ml of a solution 0 04 M in 
sodium tungstate, 0 08 M in mandelic acid and 05 M in hydrogen peroxide, with 

0 I M sodium hydroxide, using a glass electrode-calomel electrode system Curve (h) 

shows the results obtained using the above solutions but with the concentration of 
mandelic acid halved Curve (c) is similar to that described*'’ for mandelatotimgstale 
solution and curve (ci) to that obtained by Bieiiifr*'” corresponding to the formation 
of the and WO,(-“ 10 ns as the pH rises 

The addition of a solution of sodium tetiaperoxyditungstate to a solution of 

1 -mandelic acid produces an increase in optical rotation Using solutions which were 

K F Jaur, Z ani;ew Clum 55,94 (1941) 

P SoucMAY, Bull Soc clum name, 122(1942) 

C, Tridoi, Ann Clum (Do/;(c), 10, 255 (1955) 

’“Cl Jandlr, Z Anoin C/kvw , 187, 60 (1930) 

M I Bail LlL and D H Brown J Clum Soc 3691 (1961) 

"" D H Brown and D Forssth,/ Clum Soc 1837 (1962) 

D H Brown, y Chem Soc 4732 (1961) 

G BiniLFR, /tnn Chim (France) 2, 489(1947) 
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COMPLEXES OF TETRAPEROXYDITUNGSTATE IONS 
WITH MANDELIC AND GLYCOLLIC ACIDS 

D H Brown 

Chemistry Department, Royal College of Science and Technology, C}lasgow 

(Rtceweel 27 November 1962, in reviled fonn 6 March 1963) 

Abstract — Mandehc and glycollic acids form 2 I complexes with tetraperoxyditungstate ions over a 
limited range oi pH The nature of the complex ions formed has been investigated by polanmetric 
potcntiomctric and spectromctric methods 

Till existence of two different peroxytungstate ions was confirmed by Jaur,*'' 
Souchay'"* and Trioot The two anions WOg^“ and are formed by the 

addition of liydrogen peroxide to an aqueous solution of sodium tungstate and 
adjusting the pH The reactions involved arc 

WO, 2' j 4Hp, -WOg- r 4Hp 
2WOg-’ i 2H^ j sup Wp,i- I 4HoO, 

In weak acid solution, where the hevatungstaie ion [HW,,0^j]’~ exists.'^’ an excess of 
hydrogen pyroxidc appears to cause the reaction 

[HWcO,,p I 12Hp, 3[WPi,]^ I - 12Hp 

1 he suggested structures*** for these complex ions involve the 0>-“ ions in place of 
the ■ ions in the normal tungstate ions Complexes of normal tungstate and of 
both the peroxytungstate ions with D-tartaric acid have been described*^®’ The 
stoichcioimctry of these complexes was 1 1 tartaric acid to tungstate, 1 1 tartaric 
acid to tetraperoxyditungstate and 1 I tartaric acid to tetraperoxytungstate ions 
Since mandelic and glycollic acids also complex with normal tungstate ions,*’* giving 

2 1 complexes, they have now been investigated as possible ligands for the peioxy- 
tungstate ions 

HXPfcRlMFNTAL AND RKSUITS 

Fig 1 shows the potentiomctric titration (n) of 50 ml of a solution 0 04 M in 
sodium tungstate, 0 08 M in mandelic acid and 0 5 M in hvdiogen peroxide, with 
0 1 M sodium hydroxide, using a glass electrode-calomel electrode system Curve {h) 
shows the icsults obtained using the above solutions but with the concentration of 
mandehc acid halved Curve (r) is similai to that described*'* for mandelatotungstate 
solution and curve (</) to that obtained by BiniirR"" coi responding to the formation 
of the W^O,,- and WOg-^ ions as the pH rises 

The addition of a solution of sodium tetraperoxyditungstate to a solution of 
i-mandehc acid produces an increase in optical rotation Using solutions which were 

K F 3awi, Z an"ew Chem 55,94 (1941) 

''' P SoucliAY, Bull Soc chim home, 122(1942) 

G Pridoi,,!/!// Chmi (fiaiHe) 10, 255 (1955) 

Cl Janohr, Z' Anoii; C/jo« , 187, 60 ( 1 930) 

'■'M J BAiiLirandD H Brown, T Chem Soi 3691 (1961) 

D H Brown and D Forsvih, / Chem Soc 1837 (1962) 

D H Brown, y Chem Soc 4732 (1961) 

G Biehli R, /4/I/I Chim (Fi-onfe), 2, 489 (1947) 
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0 04 M jii L-niandclic acid, 0 04 M in sodium tungstate and 0 5 M in hydrogen 
peroxide, the variation in optical rotation (20 cm tube, sodium D light) with pH was 
measured Lach solution was left for 2 hr to reach equilibrium The results aie shown 
111 Fig 2 Also shown foi comparison are the coi icsponding graphs of the change 
III optical 1 citation with pH of L-niandelic and L-maiidclatotungstic acids 



ml 0 I N IMaOH 

rio 1 — Poteriliometric tilralions ol 50 nil of scilutions («) 0 04 M in sodium lungslalc 
0 08 M m mandclic acid and 0 5 M in hydrogen peroxide, (/i) 0 04 M in sodium 
tungsiale and mandclie acid and 0 5 M in hydrogen peroxide, (i) 0 04 M in niandelalo- 
tungsldte, and (i/) 0 04 IVt iii peroxylungstatc, with 0 1 N sodium hydroxide 

IJltia-violet spcctia of solutions (2 10 M) of peroxytungstates and inandelato- 

peioxy tungstates were taken at different pHs using comparable hydrogen peroxide 
solutions as blanks The ton ' absorbs at 287 m/i and the WOj,“ ion at 330 m/z 

The results show that the presence of i-inandelic acid prevents the formation of the 
ion until the pH of the solution is over eight This change normally occurs 
about pH 6 5 Similar results were obtained with glycollic acid 

Equimolar solutions (0 06 M) of tetraperoxyditungstate and L-mandelic acid were 
mixed in various proportions and the pH of the solution measured The results arc 
shown in Fig 3, as a graph of pH against mole fraction of mandelicacid Similar 
results were obtained with glycollic acid The optical rotations of the above solutions 
were also measured and the results also recorded in Fig 3 

DISCUSSION 

In Fig 1, neither curves (n) nor (h) resemble (i) corresponding to the formation 
and decomposition of mandelatotungstate Similarly, curve (d) corresponding to 
the formation of the WaOn’ and ions is altered by the addition of glycollic 



Complexes of tetraperoxydi tungstate ions with mandelic and glycollic acids 
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Fui 2 —Plots of optical rotation against pH for (a) 0 02 M-(— )-mandelatopcroxy- 
lungstate, (A) 0 02 M-( - )-mandelatotungstate, and (c) 0 02 M-{ -)-mandclic acid 



Fic> 3 - Plots'of (a) pH and (b) optical rotation against mole fraction ol mandelic acid 
using solutions which were 0 06 M in tctraperoxyditungstale and L-mandelic acid 
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or mandellic acids — the region of constant pH around pH7 given by + 20H^ 

I 4 H 2 O , 2WOg^“ f 5 H 2 O, being eliminated Thus the comparison of the graphs 
in Fig 1 , suggests that some form of complex formation has taken place between the 
peroxytungstatc ion or 10 ns and mandclic acid and that either, from (o), the complex 
titrates as a monobasic acid or that only half of the mandelic acid is complexed 
Curve (h) tends to support the latter theory 

The ultra-violet spectra show that the tctraperoxyditungstate 10 ns are the pre- 
dominant species present from pH2 to over pH8 in the presence of mandelic acid and 
from pH2 to about pi 17 in its absence Thus mandelic acid must complex with the 
tctraperoxyditungstate 10 ns and this complex must be more stable to hydioxyl ion 
than IS the tctraperoxyditungstate ion itself This evidence agrees with the results 
shown in Fig 2 The enhanced optical lotation shown in curve (a) indicates complex 
formation of 1 -mandelic acid Curves {a) and (h) are similar in shape exeept that 
curve (a) indicates the formation of a stable complex up to a slightly higher pH viz 
pH 9 fh us from the ultiaviolet spectra and the optical rotation results, L-mandelic 
acid and tctraperoxyditungstate 10 ns are both complexed to around pH9 

figure 3(«) shows the most rapid change of pH when the ratio of mandelic acid 
to telrapcioxyditungstatc ions is 2 1 Figure 3(/)) confirms the stoicheiometry of the 
complex as 2 1 mandelic acid to tetiaperoxyditungslatc ion 

Mandelic and glycolhc acid complexes with normal tungstate ion arc most stable 
before loni/ation *■' Ihcse complexes can exist in pH conditions where the acids 
are usually ionised This is thought to be because the hydiogen 10 ns are hydrogen 
bonded to the oxygen 10 ns of the tungstate group The similarity in the optical 
rotations (Fig 2) of the L-mandclatotungstate and the 1 -mandelatotetraperoxydi- 
tungstatc solutions compared with that of L-mandclic acid, suggests that the ligands 
are the same in each case, viz mandelic acid, and that they arc similarly bonded 
Discussion of the possible structure must, however, be speculative since there is no 
definite information about the sti uctures of the peroxytungstates themselves However, 
there appears to be a marked similarity both in change in optical rotation and in 
pH range of stability between tungstate complexes and pcioxytungstate complexes 
eg with taitaric acid and mandelic acid The presence of the extra chelating sites 
in tartaric acid seems to give a complex w'hich is stable over a wider range of pH in 
both cases 
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AZIDE COMPLEXES OF PALLADIUM(II) IN 

SOLUTION 

F G SuERiF and K F Michail 

Department of Chemistry, Faculty of Science, University of Alexandria, Fgypt, U A R 

(Received 16 October 1962, in fined reused form 10 fehriiary 1963) 

Abstract — Palladium(II) ions give an immediate red-brown colouration with azide ions in solution 
The system is stable lor at least 10 hr and shows no absorption maximum in aqueous solutions 
In water-acetone mixtures maxima exist between 430-480 m/i, the positions of which depend upon 
the concentrations of both acetone and azide Spectrophotometric studies indicate the presence 
of a 1 Pd^ ' 2 complex, with K. in — 6 03 ( 1 2 ^ 10' lor [PdlNjlj and the possible 

formation ol 1 1- and I 4-Pd^'loN3 complexes in aqueous solutions In water-acetone mixtures 

the presence of a Pd(N ,)4 complex is indicated Ccsnductimetric titrations confirmed the existence 
of the diazidu and tetrazido forms, and the nature of the chaige on the latter was proved by migration 
experiments 

iNVESTKiAfioNS on the UbC of the azide ion as a ligand for heavy metallic ions have 
been extended to the palladium(H) ion Previous work showed that sodium azide 
reacts w'lth Fe^',''> Cu-*,‘®' Co"+*'*’ and ions, giving blood red, 

brown, green, blue and orange-yellow solutions respectively, and these colours 
were found to be useful tn the analytical determinations of these ions Pallddium(II) 
chloride solution gives a brown-red colour with the azide In the present work, the 
absorption properties and characteristics of the possible complex ions formed in 
aqueous and water-acetone mixtures are studied 

EXPERIMENTAL 

IVried palladium chloride was dissolved in the least amount of standard hydrochloric acid, and 
then diluted to the desired strength with distilled water The palladium content was determined 
giavinnetrically by precipitation as the dimelhyglyoxime complex from acid solution In this way 
a stock solution containing 0 1 M Pd(ll) and 0 16 N HCl was prepared A stock solution of 0 1 M 
sodium azide was prepared and analysed volumetrically against standard silver nitrate solution 
using potassium chromate as an indicator A Unicam spectrophotometer S P 500 was used, with 
a blank solution containing the same concentration of palladium as the test solution Conductisity 
measurements were carried out using a conduclimeter equipped with a magic eye indicator Other 
procedures have been described previously 

Monoazido dipyridino-palladium(M)monochloridc was prepared m aqueous solution b\ adding 
two equivalents of 0 I M pyridine solution to 50 ml containing 0 05 mole PdCL and fourfold excess 
of NaN, Long microscopic orange crystals resembling the branch of a tree were formed The 
product was further recryslallized from hot water, with a yield of 76 per cent, and decomposed at 
262-264°C Their crystal form differed from that of the light yellow pointed crystals of the di- 
pyridino- palladiumdDdichloride'"' obtained from palladium chloride and pyridine Found 
C , 35 57, H, 2 98, Cl, 10 10 Calc for [PdlN^Ipy JC 1 C, 35 08 H 2 95, Cl, 10 36'’„) 

H K Ei-Shamy and F G StibRii-, fTgtpr J Cheni 1, 35, 257 (1958), 2, 217 (1959) 

G Saini and G Ostocali, / fnoiy Nucl Chcm 8, 346 (1959) 

F G SiiERiF and W M Oraby, 7 Inoig Nucl Client 17, 152 (1961) 

P Sfnisf,7 Amer C hem Soc 81,4196(1959) 

F G Shfrii and A M Awau, J hiotif Nucl Chem 19 , 94 (1961), Anaht Chim Acta, 26, 
235 (1962) 

'"H D K DRLWe/o/, 7 Chem Soc 1895 (1932) 
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RFSULTS 

General abiorptnm properties 

Sodium azide reacts instantly with pa)ladium(II) giving a brown-red solution 
which IS stable for ten hours in solutions 0 001 M Pd The stability increased in more 
concentrated solutions of palladium and on addition of excess azide, but decreased 
in dilute solutions containing a deficiency of azide In the latter case a gelatinous 
dark brown precipitate appeared after 2 hr mixing The stability was also increased 
significantly in the presence of 60-80 per cent acetone 



iSO <100 4S0 500 550 


Wavelength, m/i 

Fk. 1 — Absorplioii curves of palladium(ll) azide solutions, 0 001 M and 

0 004 M in water (1) in 60 per cent acetone (11), in 80 per cent acetone (111), 

0 001 M I’d-*" and 0 001 M Nj ' in 80 per cent acetone ( IV), 0 001 M Pd“' m water using 

water as a blank (V) 

No maximum was detected in the absorption curve of the palladium a/ide in 
aqueous solutions in the visible region of the spectrum, and the absorbancy decreased 
sharply between 350 and 600 m/r The intensity was increased by gradually in- 
creasing the a/ide concentration until the ratio of palladium to azide reached about 
1 4 Immiscible solvents such as benzene, carbon tetrachloride and ethyl acetate 
do not extract the colour, but acetone gradually decreases the intensity as its concentra- 
tion in the solution is increased Meanwhile, a shoulder appears at 430 m/i on the 
absorption curve of the 50 per cent water-acetone solution and grows to a well- 
defined maximum at 80 per cent v/v acetone At this acetone concentration the 
position of the maximum shifts to longer wavelengths on gradually decreasing the 
azide concentration In a 0 001 M solution containing equimolar Pd^^ and 
and 80 per cent v/v acetone, the maximum absorption occurs at 480 mp Representative 
curves are shown in Fig 1 The absorbancy index of an aqueous solution containing 
excess azide was found to be 2200 at 430 m/z compared to 950 at the same wave- 
length and in 80 per cent v/v acetone 
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Sumture of the palladium azide complexes 

The usual spectrophotomctnc methods for the investigation of structural relations 
in coloured solutions were applied, viz Job’s continuous variation method, the molar 
ratio and the slope ratio methods Conductimetnc titrations and qualitative migration 
experiments were also carried out Several Job plots were made from 350 to 500 m/< 
at 10 mfj, intervals, and at total concentrations 0 0002, 0 0005, 0 002, 0 01 and 0 02 M, 
in both water and in water- acetone mixtures [n this way the changes in the positions 
and intensities of the maxima reflect the type of the complex formed Typical 
turves are given in Fig 2 In aqueous solutions the 1 2 compound appears to be the 



Fit. 2 —('onlmuous vanalion method In aqueous solutions total 
tonetntiations 0 002 M ( I), 0 02 M and 0 1 cm cell ( II). 0 0002 M (111) 

In 80“u acetone, tot,il concentration 0 0002 M (IV) 

predominant species at all dilutions, I 1 complex probably being formed in dilute 
solutions, as indicated by the shoulder in curve I. this shoulder is more dehmle at 
shorter wavelengths However, after one week this shoulder disappeared, the 
toriesponding species PdN.,'' is probably unstable, while the I 2 complex persisted 
Another weak unstable shoulder appeared at 1 4 molar ratio which increased in 
intensity and changed slightly to a broad maximum on approaching longer wave- 
lengths at 500 m// In 80 per cent v/v acetone there is a sharp and stable maximum 
at I 4 molar ratio, corresponding to Pd(N.,),““, at all wavelengths In acetone there 
IS also another weak but stable maxiinum at about 0 5 mole fraction palladium 

Although there were probably at least three complexes nreseiit in aqueous 
solutions, the 1 2 species appeared to be the most stable 1 he molar ratio method 
was applied to several concentrations of Pd""^. viz 0 001, 0 0008 and 0 0(X)4 M with 
a ratio of Cl Pd“^ - 3 6 I Increasing amounts of 0 1 M sodium a/idc were added 
to every solution of each run and the solution diluted with water to constant volume 
and the absorption of each solution was recorded at dilTcrent wavelengths In every 

' ’ F G Shfrii and A M Awao, / Iiioiif Nttcl Cheni 24, 179 (1962) 
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tdse the curve of absorbancy versus equivalents of a/ade rises sharply from the origin 
and then becomes almost hori7ontal when two equivalents of azide have been added, 
confirming the existence of the 1 2 complex as the main coloured component of the 
system Other breaks indicate the formation of the 1 4 species Since Pd(II) forms 
complexes with chloride lon,*'^’ we assume the existence of PdCl/^ in solutions with 
Pd-' Cl I 4 An approximate equilibrium constant for the reaction 

[PdCl,] - ! 2N, - fPd(N,)^ClJ 2 2CF (1) 

was determined by applying the molar ratio method. Fig 3, to solutions containing 
0 0004 M Pd(ll) in which the Cl concentration was adjusted to 0 0016 N, with in- 
creasing amounts of sodium azide The ionic strength was kept constant at 0 0044 by 



0 12 3 4 5 6 

Equivalent azide 

fic, 3 — ^Molar ratio method Concentration of Pd-** 0 0004 M 


adding the appropriate amounts of sodium perchlorate Jf Beer’s law applies, the con- 
centration of the 1 2 compound will be proportional to the absorption at a fixed 
wavelength Jt is also assumed that the reaction is complete when the absorbancy 
reaches its maximum value after the addition of a slight excess of the azide 
Jf the adsorption at the stoicheiometnc ratio of 1 2 is E^, then 


(Z = 



and 


AT,, 


(orC) (2aC)2 
C(I - a) 


A K SuNOARAM and E B Sanoell,^ Amer Chem Soc 77, 855 (1955), G T Analyt 

Chem 25, 1623 (1953) 
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where C is the concentration of Pd(ll) equivalent to the total concentration of the 
complex The mean value /fj,, for reaction (I), at different wavelengths, was 
found to be 6 03 zb I 2 y lO'*'’ 

The existence of the 1 2 form was further confirmed by applying the slope ratio 
method at arbitrarily selected wavelengths In each of two series of solutions, one 
of the reagents was maintained in a constant excess at 0 0005 M, and the other varied 
from 0 00005 to 0 0003 M, with the results shown in Fig 4, the ratio of the slopes 
of lines 1 and 11 was 1 2 A slight deviation from this value was found at higher 


Fk. 4 — Slope ralio method al 350 111 // (l)p,illa- 
diumtll) conslaiit, (II) azide constant, both at 
0 0005 M 


0 01 oe 03 OS 03 Ob 

Concentration of variable, MxlO'' 


Fk, 5 Conduclimelnc titiations 
(1) Sodium azide added to palladium(ll) 
(II) Palladium(ll) added to sodium azide 


o I a 3 . 

Equivolent azide I 

'“’A t Harvey and D L Manninci,/ Amci Chem Soc 72, 4488 ( 1 ‘>50) 


Equivolent ozide D 
a 2 
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wavclengtlis eg 1 2 2 dl 500 m/<, which might be due to the contribution of the 
t 4 form Such a value would permit the existence of the 1 4 form to the extent of 
one tenth that of the 1 2 one at this particular dilution 

Conduct I met I ic titrations were carried out at room temperature between solutions of 
0 1 M sodium a/ide and 0 0016 M Pdlli) containing 0 008 N FICl, in a 100 ml vessel 
with two platinized platinum electrodes I cm- m area and 0 3 cm apart Absolute 
conduciix ities were not measured, structural evidence being derived from discon- 
tinuities m the relative conductance curves, (Fig 5 ) The same shape of curve was 
obtained b^ titrating 0 I N.iN , in 60 per cent v/v acetone against a solution containing 
0 0014 M I’d- and 0 0022 M HCI m 60 per cent acetone The breaks in curve I 
indicate the foimation of 1 2 and I 4 species The acid present in the solution 
appaienlly did not complicvite the shape ol the curves, and each hydrazoic acid 
molecule displaced interacts with palladium ion Reverse titrations entailing the 
•iddition ol 0 01 M Pd“' solution containing 0 016 N HCI to 30 ml ofO 002 M sodium 
azide 111 ac|ueous solution gave a cuive (f ig 5) with two breaks at 1 4 and 1 2 
Pd- Nj 

The presence of the I 4 lorm was confirmed by migration experiments m a tube 
filled with 1 M sodium chloi ide solution as a earner AsolutionO 1 M Pd-^ containing 
a huge excess of azide and 0 36 N Cl introduced carclully at the centre of the tube 
and a potential gradient of 1 V/cm was applied, after 15 min, a dehnite migration 
of the red boundary towards the anode was apparent indicating the presence of the 
negatively charged ion PclfN,),- 
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SPECTROPHOTOMETRIC STUDY OF COMPLEXES 
OF TITANIUM WITH SULPHOSALICYLIC ACID 
AND EDTA USING AUXILIARY COMPLEXING 
AGENTS IN THE JOB’S METHOD* 

N Mahadi.van, R M Sathe and Ch Venkatpswarlu 
A nalytical Division, Atomic Energy hstablishmcnt Trombay, Bombay, India 

{Received 10 Ain^'iisl lt>62, in lei i\ed Joi in 2 /'ehiiiaiv I96P) 

Abstract Complex formation between Ti(IV) and sulphosalicyclic acid was rcmscstigated Jobs 
metliod ol continuous variation in equimolar solutions indicated a complex TiR in 1 85 N sulphuric 
acid In the pH range ol J 1 5 0, a complex TiR. was found, when malonic acid was used as the 
auxiliaiy complexing agent 

The composition ol the colourless TitlV) hDTA at pH 5 0 was also shown to be 1 I using the 
colour loiming SSA as the auxiliary complexing agent 

Lng *’* Ti-SSAj was computed as 25 I Irom the reported stability constant ofTi-lDTA 

Stu hiiosAiKYLK aetd (liencefortli referred to as SSA) is well known for its versatile 
complexing of metal ions Its complexes with cations like Fe'^ Cu- and Be- 

have already been investigated The complexes of titanium have been studied by 
Sovimir'"'' using diflerent spcctrophotomctric methods, which however, did not give 
concordant results regarding the composition of the complexes In particular. 
Job’s method in equimolar solutions has not led to satisfactory results 

lob s method of continuous variation in equimolar solutions'*’* is very commonly 
used in spcctrophotometric studies of metal complexes Several papers have appeared 
pointing out the limitations of this method and suggesting modifications to suit 
more complicated situations The authors have, earlier, suggested the purposeful 
addition ol an auxiliary complexing agent'"*’ to extend the uscfulnes' of this method 
to cases where the free metal ion undergoes hydrolysis and polymeri/ation under the 
conditions of complex formation In the present paper, the coloured complexes of 
Ti-SSA and the colourless complex of Ti-F,DTA were studied using the above 
modilication, wherever possible 

EXPERIMENTAL 

For the Ulanium solution E Merck lilania was dissolved in hydroduoric acid and the calculated 
amount ol I 1 sulphuric acid was added and just turned to remove the fluoride It was diluted to 
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"'S F luitNLRand R C Andirson, y Amer Chem Soc 71,912 (1949) 

H V Mflk. and C V Banks,/ Amer Chem Soc 73, 4108 (1951) 

'’’I Sommer, Co// Czech Chem Comm 22, 453 (1957) 

P Job, Analyl Chim 9, 113 (1928) 
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give a linal siilulmn o! I 8*5 N aeidity SSA anil T DTA (disodium salt) were of L Merck grade 
All other reagents wcic of BDfl AnalaR grade 

All esliiietion measurements were made on a Beckman spectrophotometer, Model DU, using 
1 00 cm sihea cells I or pi I measurements, .i Marconi instiumeiil ol type 51 1 D was used 


f 1 


Curve 


Curves 11 a ED 



R/M + R 

1 M . I ('lirve I Ion s cui ' e in C([ui molar solutions loi Ti and .SSA ml 85 N sulphuiie 
acid at 400 m,/', (f m f i,) - 6 25 10 M 

Curse II Inn's curses in cquirnolai solutions lor fi and SSA in piesencc of malonic 
acid (4 8 10 - M) I Cn 7 5 10 •>M, pH -51, /. - .580 m/i 

Cuiselll C„ , Cn - 75 I0‘M, pH 5 1 , 7 400 m/r 


I itdiuiiin SSA sys/eiii 

SoMMi r' ' has obseived that m the spectium ol titanium in the presence of a very large excess 
ol SSA, the extinetion at 450 rn/r, incicases steeply m the pH range 10 15 and reaches a maximum 
value at pH I 9 it then lenidins constant up to pH 5 0 Above this pH, it decreases again and becomes 
constant only abosc pH 10 6 Lven in this pH range, the solutions appear clear and the hydrolysed 
products piceipitatc only on keeping os'crnight from the shape ol this, curve, he has concluded that 
the first complex is loimcd below pH I 0, and is then convcited into the second complex by pH 1 9 
In the range 1 9-5 0, the second complex predominates Latci the second complex adds yet another 
molecule of the ligand He was, however, unable to confirm the compositions of these complexes 
m the sard pH laiigcs by using Jon's method in equimolar solutions 

During a rcrnvestigation, the authors found thaf titanium solutions (~10 * M) give a giccnish 
yellow colour with SSA even m 1 85 N sulphuric acid At this acidity. Job's method with equimolar 
solutions indicated the formation ol TiR Curve I in Fig 1 gives the experimental data with 
^ f II 6 25 10 - M at 400 m/I The maximum of the curve is however, slightly shifted to the 

high metal side 

It has been further observed that addition of oxalic died to a mixture of Ti and SSA resulted in a 
hvperchromjc effect indicating the foimalion of a mixed complex at this acidity, I 85 N Similar 
behaviour is exhibited by titanium m a number ol systems such as X-Ti-Oxalic acid, where X is 
gallic acid, catechol, chromatropic acid, etc , under conditions of acidity, where Ti forms a 1 1 
complex with X alone These systems are under further investigation 

Regarding the formation of TiR^, Sommer found thaf Job’s mcihod in equimolar solutions did 
not give satisfactory results Flencc, the authors felt that their method should give better results 
The validity of the modihcation is demonstrated in the following derivation 
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1 tt M t nA — MA„, so that K --- [MA„]/[M][A]’' 

and M I - MB„, so that A-' - [MBJ/[M][B]’, 

where A is the reagent under consideration and B the auxiliary complexing agent When B is in 
large constant excess, [B] can be taken as constant throughout the continuous variation experiment 

so that A''[B]' [MBJ/(M] 

or L[M1 IMBJ, 

where/- = A:'[B]" 

When X volumes of reagent and (1 x) volumes of metal, both of the same molarity ni, are 
mixed and Ci, and C3 are the final equilibrium concentrations of the free metal M, free reagent 
A and the complex MA„ respectively, it can be shown that n ^ Vinax/(1 Vhmix)"" which is the same 
as in the absence of the auxiliary reagent B 

Oxalic acid was tried as the auxiliary complexing agent to determine the composition of TiR 
fht Ti SSA complex was completely destroyed The obvious choice was, therefore, malonic acid, 
which can be expected to form weaker complexes than oxalic acid In the presence of a constant 
excess of malonic acid (4 8 ■ 10 ^ M), Job’s method in equimolar solutions was carried out at pH 3 I , 
maintaining constant ionic strength The maxima in the curves 11 and 111 (Fig I) indicate that TiRj 
exists in this pH region A similar experiment was carried out at pH 5 0 Since the resultant colour 
intensity was feeble, extinction measurements were made with 5 00 cm cells The curve flattened but 
the maximum occurred near I 2 indicating the existence of the same complex 

The solutions containing Ti and SSA in the high pH region are practically colourless From the 
spectra of solutions containing a large excess of SSA and small but constant amount of metal at 
pi Is of 5 0, 5 5 and 5 8, it has been observed that there is a shift of the absorption maximum towards 
lower wavelengths, accompanied by a decrease in extinction in the entire spectral range studied 
as the pH increases This indicates the formation of another species Experiments were earned out 
to see if this new species can bleach the colour of Ti-prototatechuic acid (PCA) at pH 8 0 With 

2 5 10“‘ M Ti, a thirty fold excess of SSA over PCA did not show any bleaching whatsoever 

This indicated that this colourless complex is too weak to be studied by the method given 
below 


I ilaiuiini -hOJ \ system 

111 this case, equimolar solutions of titanium and disodium salt of FDTA, were varied Conti nuouslv 
at pH 5 0 in the presence of a large constant excess of SSA as the auxiliary complexing agent Curve 

II in Fig 2 shows the extinction values of these solutions at 400 m// while curve I those of the corre- 
sponding solutions in the absence of EDTA The differences of the extinction values of the two 
solutions were plotted as curve III These differences arc a measure of the concentration of titanium- 
FDTA The maximum in the curve indicates a composition of I 1 for this system Curve Ilia in 
1 ig 2 IS a plot of similar differences at 380 m/» 

In view of the mixed complex formation reported earlier,'”’ tests were conducted in this svstem 
This was done by adding increasing amount of FDTA to a solution containing titanium and a large 
excess of SSA The continuous decrease in the extinction value with increase in FDTA indicates 
progressive convcrtion of Ti-SSAj to Ti-hDTA The entire spectnim from 340 to 450 in/' vvas 
recorded for the T1-SSA3 complex in the presence and absence of FDTA (Fig 3) Since the spectra 
are very much the same, it is concluded that there is no mixed complex in this case 

C alculalion of stahilily constant of! i-(SSA)j 

Since It IS found that titanium forms a I I complex with EDTA and a I 2 complex with SSA 
and no mixed comfllex is formed when both ligands arc present, the following equilibria can be 
written Free titanium does not exist as Td' in solution which are not very acidic, and it is therefore, 

V T Athavalf, V P Madhavamenon and Ch Vi NKATtswARiu, 4nal\st 85, 208 (I9(i0) 
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R/m+R curves D in 8 nia 



ml of metol Curve I 

Ik. 2 Joii s cuivcs in cc|uini()lai sdIuIioiis lor the tilanmm-fc DFA complex 
(\, ■ r,, I 25 10 ^ M, (sv, - ^ 04 10 - M 

{'iirvc I Ti-SSA, at 400 m/i 
(. iirve II Ti-SSA hlTFA, at 400 m/t 
C iirvc III Oitleicnce of curves I and 11 at 400 m/i 
C ui\e Ilia Similar diticrcnce at 180 ni/' 


I n 



Fig 3 - Absorption spectra of tilanium-SSA in presence (curve 1) and absence (curve 

II) of FDTA 

r„ - 6 25 >r 10 ’ M, 3 94 10 - M 

r,,>Tv - 1 87 10 ‘ M 
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represented as the titanyl ion TiO“' SSA is represented as HA where HA is 



and r DTA is shown as H^Y where is the anion of EDTA 


TiO^- : 2HA -TiOAi ' 2H' 



A, 

~ (TiOAJ(H'P/[TiO‘-1[HAP 

(1) 

TiO^' 

+ h,y 

^TiOY i 2 H^ 



A. 

[TiOYlIH"E/ITiO'-)[H,Y] 

(2) 

TiOA, 

1 H,Y 

TiOY ' 2HA 



k J 

[TiOY 111 1 AP/ITiOAJlH.Y ] 

(3) 

TiO- 

1 - Y< 

TiOY 




- [TiOYl/[TiO -][Y *] 

(4) 


H.Y 

2H 1 



ks 

[Y^ 1[H IVlHjY] 

(5) 

Now, It can be show'it that 


A, A>/A. 

(6) 



A, = A 3 A', 

(7) 

where A , and A, arc the third and fourth dissociation constants of EDTA 




Aj A 4 A 5 

(8) 


IS computed from the data given in Fig 2 TiOA^ was calculated from the obsersed optical 
tiensity with the help o( a calibration curve lor titanium in the presence of excess SSA 

[TiOY] = (TiO^',.,uil ITiOAJ 
IHA] - IHA„„J - llTiOA,] 

[H^Y] - (H,Y„„„] - [TiOY] 

log A 3 was then calculated as 1 24 further a bleaching curve (fig 4) was obtained bv adding 
increasing aiin'unts of FDTA to a niiMuic of Ti (6 25 10 " M) and large amouni of SSA (0 04 M) 


I III 4 Bleaching ol the colour of 
4i SSAj complex by EDI A 4 is 
the point ol half bleaching o 

<■ I 6 25 10 ' M, o 

fss\ 3 94 10 ' M 

f nu c 2 69 '' 10 - M 



L Sommer, Bull Soc Cliiui Fiance, 862 (1959) 



1010 


N Mahadlvan, R M Sathe and Ch Venkatlswarlu 


Tht saluc of At was confirmed from (he amount of LDTA at the point /t, where (he O D has fallen 
to half the original value 

[TiOA.J [TiOY] 

At IHA]^/[H,Y] (9) 

M) log A , I 22 

The value ol log A, has been icportcd by PirsoK and M averic k'*-" from a polarographic study as 
17 t From a combination of 6, 7 and 8 log A , was calculated as 0 37 


HA II’ , A 


[H'lfA ] 
[HA] 


( 10 ) 


From icliilions (I) and (10), the pFI independent slabilily constant of Fi SSA. complex is given by 




a )' 


• c , 


Is'g /(> “ log A , 2 log A ' 

- 0 33 I 2 11 74 23 15 


DISCUSSION 

In tlic reiiivcstigdlioii of the Ti-SSA system, the modified Jon’s method has 
yielded fruitful results in establishing the existence of TiR^ m the pH region 3 5 
The same method has been shown to be successful in arriving at the composition 
of the colourless complex, Ti~EDTA, using a reagent, forming a coloured complex 
with titanium as the auxiliary agent Babko*'^’ has studied Ti-salicylic acid system 
using oxalic acid as the auxiliary ligand where C„v,uk .k mi ~ I" ^it) He arrives 

at a composition of 1 I for titanium to salicylic acid, whereas the composition under 
the same pH conditions by the logarithmic analysis is given as 1 2 KtEiNFR<’'^> 
has also studied the colourless Ti-F complex using hydrogen peroxide as the colour 
forming auxiliary agent but again not in large excess Since the amount of the 
auxiliary complexing agent is small compared to -1 C|^ in both cases mentioned 
above, the equilibrium concentration of the auxiliary complexing agent will not remain 
constant during the continuous variation experiment, thus vitiating the validity of 
the derivation given in this paper Further work is in progress with the system, that 
Babko has studied, as well as with other systems using different auxiliary complexing 
agents 

4fAnoM/«/ye//;<’n( — We wish to thank Dr V T Athavai l for his keen interest and useful discussions 
during the progress of this work 
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STUDIES ON TTA COMPLEXES WITH METAL IONS— II 

INVESTIGATIONS OF SOME TETRAVALENT COMPLEXES 
IN THE SOLID STATE* 

Y Baskin and N S Krishna Prasad! 

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

(Received 12 Not ember 1962, m revised foim 4 February 1963) 

Abstract- Single crystals ot TTA chelates of tetravalenl uranium, thorium, hafnium, rirconium, 
cerium and plutonium have been prepared X-ray diffraction data revealed that the compounds arc 
isostructuial, with only slight variations in their orthorhombic cell dimensions Studies were also 
conducted of the optical properties, infrared absorption spectra and differential thermal analysis 
curves ot the compounds 

ruiNOVLTRiFLUOROAcrTONL (TTA) |1 ^ l| — CO- CH, — CO — CEj forms complexes 

with various metal tons which can be extracted from aqueous solutions by using 
nonpolar solvents such as benzene or carbon tetrachloride" Much of the work 
reported in the literature pertains to the solvent extraction purifications and analytical 
applications involving the complexing agent, but little work has been conducted on 
the nature of the inetal-TTA complexes in the solid state In an earlier paper 
(Part I)*^’, uranyl-TTA complex in an aqueous-alcoholic medium was investigated by 
spectrophotomctric and potentiometnc methods This paper deals with crystallo- 
graphic, optical, infra-red spectra and differential thermal anaysis studies of TTA 
chelates of tctravalent uranium, thorium hafnium, zirconium, cerium and plutonium 

nXPLRIMENTAL 

Prepaiarion of the comp/e \es 

UT, To a solution ol tctravalent uranium, obtained by photochemical reduction of uranyl 
nitrate in 50 per cent alcohol, was added an alcoholic solution of TTAJ of equivalent strength The 
amount added was slightly less than lhat required to complex all ol the uranium, thus leaving a slight 
excess ot metal ions in soluticm The precipitate lormed was liltercd. washed hrst with water and then 
with alcohol (UT, is far less soluble in alcohol than is L)02T2) The crystals were finally dried and 
stored in a desiccator at room tcmpcratuie 

* Work perlormed under the auspices of the U S Atomic Lnergy Commission 
t Dr Baskin is an Associate Ceramist, Metallurgy Division, Argonne National Laboratory, 
Argonne, Illinois At the time the study was conducted, N S Krishna Prasad was a participant in 
the Jntcrnational Institute of Nuclear Science & Fnginecring at Argonne National Laboialory He 
IS now at the Chemistry Division, Atomic Energy Establishment, Trombay, India 

I Thenoyltrifluoroacctone (TTA) manufactured by Columbia Organic Chemical Companv. Inc , 
Columbia, South Carolina 

M CAiviNandE L ZtuROSict, Lf S A h C Repot I BC-42 (1947) 

'■’W M Latimir, USAEC Report BC-61 (1947) 

H A LhVY and A Broido, USAEC’ Report CNL-37 ( 1948) 

E H Hun MAN and L J BFAiAiT,y Amer Chem Soc 70,3179 (1948) 

R A Bolomfy and L Wish, U S A E C Report ORNl -1 36 ( 1 948) 

L K Hyde, Proieedmp^ of the Inlertialional Conference on the Pcacifd t'lev of Alomic F migi , 
Geneva, 1955, Vol 7, p 282, United Nations (19S6) 

F L Cui LER, Proceedings oj the Inteinational C onfeience on the Peace/iil Cws <»/ Atomic Lnei gi , 
Cc/iei'o, 1955, Vol 9, pp 468,471,473 United Nations (19X6) 

K M Abubacker and N S Krishna Prasad, y Inorp Niicl Chem 16.296 (1961) 


ton 



1012 


Y Baskin and N S Krishna Prasad 


I AIM I I - \-RAY I’OW 1>I R 


in. 


/7 

</ 



\ IS 

(ohs ) 

(sak ) 

hIJ 


10 72 

10 74 

001 

]l) 

y ifi 

9 S| 

01 1 

100 

s so 

S 86 

200 120 

1 

(I so 

6 811 

121 

*0 

S 72 

S 7SS 

Oil 

10 

S M 

S 168 

002 

IS 

s 12 

Sill 

120 

00 

4 60 

1 4 6 1 6 

121 

1 4 S40 

122 202 



1 4 479 

212 

20 

4 4S 

4 467 

141 



( 4 428 

240 

Y 

4 20 

4 188 

ATA 

2S 

4 OS 

( 4 091 
( 4 06 1 

401 

420 


1 SS 

) 1 899 

112 


1 1 864 

140 

1 

S S2 

1 822 

OSl 

20 

! 71 

1 702 

122 

2 

2 SI 

1 S2S 

013 

s 

2 42 

( 1 416 

1 1 415 

402 

242 

IS 

1 16 

1 J47 

440 520 

s 

1 20 

( 1 201 

1 1 196 

ISl 

141 

1 

2 44 

2 912 

121 

IS 

2 S4 

2 840 

442 

s 

2 80 

( 2 742 

313 


1 2 781 

403 

IS 

2 SS/j* 

< 2 577 

1 2 S68 

431 

124, 204 

10 

2 46 

/ 2 456 
12 4S0 

S60 

151 

s 

2 18 

2 176 

124 



I 2 307 

4S1 

5 

2 10 

2 100 

334 



1 2 29S 

404 



/ 2 240 

424 

IS 

2 216 

2 211 

S62 



( 2 226 

154 



( 2 097 

154 

10 

2 09 

2 044 

524,444 



( 2 086 

125, 205 



( 2 017 

812 

10 

2 04 

2 012 

1 10 0 



1 2 OH 

760, 840 


I hi. 


in 

./ 

i! 


\ IS 

(obs ) 

(^ak 1 

hlJ 

2 

10 SI 

10 70 

001 

10 

4 46 

9 S() 

Oil 

100 

8 ,84 

( 8 93 

200 

1 8 83 

120 

s 

8 14 

8 18 

III 

s 

7 18 

7 43 

021 

2 

6 46 

6 SOI 

211 

fO 

S 70 

S 708 

221 

2 

S 16 

5 149 

002 

n 

S 14 

( 5 IS7 

040 

t S IS2 

320 

1 

4 8S 

4 KS4 

211 

00 

4 S8 

f4 S89 

122 

14 588 

202 



( 4 446 

141 

10 

4 46 

4 478 

212 



1 4 464 

240 

I 

4 17 

4 142 

222 

40 

4 08 

4 044 

420 

5 

1 8S/, 

f 1 896 

1 3 850 

140 

OSl 

10 

3 71 

f 3 711 

042 

Ul 711 

122 

10 

1 41 

3 427 

242 



( 3 376 

160 

20 

1 16 

1 173 

440 



1 3 372 

520 

5 

3 21 

< 1 231 

1 1 208 

351 

260 

5 

3 056 

/ 1 071 

261 


< 3 037 

Sll 

5 

2 4"^ 

/ 2 935 

540 

12 915 

4S1 

20 

2 85 

f 2 857 

620 

12 842 

071 

2 

2 77 

f 2 795 

333 


1 2 785 

40! 

r 

2 71 

/2 721 

460 

1 

1 2 707 

271 

10 

2 S8 

f 2 578 

080 

12 577 

640 

10 

2 S6 

2 S(,2 

124, 204 



( 2 476 

560 

10 

2 47 

2 462 

711 



1 2 457 

351 

5 

2 37 

2 374 

044 324 

5 

2 32 

1 2 321 

642 


12 109 

453 

5 

2 29 

(2 299 

334 


1 2 294 

404 



(2 253 

173 

20 

2 24 

2 246 

722 



l2 244 

054 

2 

2 20 

2 205 

344 

10 

2 09 

f2 096 

X2 081 

205, 125 
444, 524 

10 

2 04 

(2 049 

2 048 

1 10 0 
760, 812 



1 2 047 

840 


HIT, 


/// 

</ 

it 


V]S 

(obs ) 

(tak ) 

hkt 

10 

10 78 

10 79 

001 

40 

9 51 

9 S4 

Oil 

100 

8 676 

f 8 78 

18 61 

120 

200 

5 

7 11 

7412 

021 

S 

6 81 

6 81 1 

121 

20 

6 39 

6 400 

211 

5 

S 70 

5 752 

031 

IS 

5 44 

f 5 4S7 

1 5 197 

111 

002 

20 

5 01 

5 010 

120 

S 

4 80 

4 786 

231 

70 

4 S9 

f 4 598 
14 S76 

122 

202 

30 

4 42 

( 4 454 
14 189 

141 

240 

15 

4 18 

4 175 

222 

50 

3 97 

3 973 

420 

20 

3 82 

3 814 

140,051 

30 

3 90 

3 •'05 

042 

2 

3 SI 

3 489 

2S| 

5 

3 41 

3 406 

242 

10 

1 30 

1 294 

440 

IS 

3 17 

3 180 

151 

1 

3 04 

3 03 S 

261 

2 

2 93 

( 2 940 

1 2 922 

043 

123 

10 

2 87 

2 8S8 

451 

20 

2 796 

f 2 796 
( 2 780 

522 

601 

10 

2 67 

2 675 

271 



1 2 S79 

124 

20 

2 57 

2 576 

204 



1 2 560 

551, 413 

1 

2 53 

2 S26 

542 

10 

2 42 

2 422 

560 



f 2 187 

71 1 

5 

2 38 

2 38S 

044 



1 2 375 

324 


1 

[2 288 

453, 404 

|s 

2 28 j 

2 272 

642 



\ 2 270 

363 

10 

2 23 j 

r2 233 

613 

1 2 231 

154 


1 

f 2 203 

344 

15 

2 20 

2 195 

722 


1 

, 2 190 

480 



,2 096 

354 125 


1 

2 094 

205 

15 

2 09 j 

2 087 

444 



2 082 

215 


1 

2 081 

524 

2 

2 03 

2 020 

831 


♦ b ~ broad 



Studies on TTA eomplcxes with metal ions — 11 


1013 


Dll FKAI IION DATA 



ZrT, 



CcT, 



PuT, 



il 

d 


III 

cl 

d 


III 

d 

d 


VIS 

(obs ) 

(sale ) 

hkl 

VIS 

(obs ) 

(cjlc ) 

hIJ 

VIS 

(obs ) 

a.ik ) 

hkl 

10 

10 55 

10 78 

001 

5 

10 46 

10 71 

001 

5 

10 65 

10 71 

001 

20 

9 44 

9 53 

01 1 

10 

9 51 

9 51 

01 1 

10 

9 66 

9 51 

oil 

100 

8 696 

f 8 79 
t.8 64 

120 

200 

100 

8 766 

6 8 92 

Is 77 

120 

200 

100 

8 926 

120 

200 

2 

6 77 

6 812 

121 

2 

6 76 

6 853 

121 

10 

7 32 

7 45 

021 

5 

5 69 

5 760 

oil 

2 

6 35 

6 448 

211 

10 

6 43 

6 45 

211 

-) 

5 046 

r5 105 

040 

5 

5 70 

5 801 

031 

15 

5 71 

5 80 

031 


15 015 

320 

2 

5 37 

5 353 

002 

15 

5 06 

5 09 

320 

(,0 

4 57 

f4 595 

122 

10 

5 07 

5 089 

320 



i 4 59 

321 122 

14 572 

202 



1 4 590 

321 122 

80 

4 55 

4 57 

202 

10 

4 45 

< 4 462 

212 

100 

4 546 

4 569 

202 



( 4 50 

141 

14 458 

141 



I 4 505 

141 

15 

4 45 • 

f 4 46 

212 

20 

4 18 

4 173 

222 

15 

4 18 

4 180 

222 

t-4 46 

240 

50 

3 97 

3 977 

420 

30 

4 05 

4 058 

401 

2 

4 17 

4 18 

222 

15 

3 82 

3 819 

340, 051 

30 

4 00 J 

f 4 038 

420 



f 4 04 

420 

15 

3 686 

f 3 707 

042 

t 3 984 

411 

25 

4 01 

t. 3 98 

411 

1 3 672 

322 

15 

3 86 i 

( 3 875 

340 

< 

3 86 

r3 88 

340 

5 

3 42 

3 407 

242 

l3 867 

051 


t 3 87 

051 

15 

3 29 

3 291 

440 

10 

3 73 

3 722 

042 

2*; 

3 68 

3 69 

322 



f 3 185 

351 

15 

3 68 

3 689 

132 


3 51 j 

n 52 

013 

5 

3 17 

3 178 

03 3 

1 

3 41 

3 426 

242 

1 

t 3 50 

431 



1 3 167 

260 



( 3 347 

440 

10 

3 41 

3 43 

242 

1 

3 03 

3 038 

261 

20 

3 33 

3 323 

520 



( 3 35 

440 

5 

2 86 

2 861 

451 



1 3 314 

123 

20 

3 32 

3 32 

520 



( 2 782 

333 


3 20 • 

f 3 224 

35 1 



1 3 31 

123 

5 

2 77 

2 770 

620 


L3 194 

441 

1 

3 18 

3 17 

033 



( 2 762 

403 

5 

2 90 

2 900 

451 

2 

2 98 

2 97 

360 

2 

2 68 

2 677 

271 


1 

( 2 823 

522 



I 2 82 

522 

e 

2 59 ■ 

f2 577 

124 

15 

2 81 

2 813 

620 

15 

2 826 

2 81 

620 

} 

1.2 573 

204 


1 

1 2 794 

611 


1 

1 2 79 

611 

e 

2 44 ■ 

r2 446 

163 

5 

2 71 

2 714 

271, 460 

2 

2 71 

2 71 

271 460 

1 

1 2 443 

343 

10 

2 60 

2 599 

362 

15 

2 566 ■ 

r 2 56 

124 371 

1 

2 38 

p 383 

711,044 

10 

2 55 • 

f 2 564 

371 124 

•■2 56 

204 

1 

l2 374 

324 

3 2 561 

204 

15 

2 466 ; 

r2 46 

560 



( 2 288 

453 

10 

2 46 • 

6 2 461 

560 

^2 45 

353 

10 

2 28 1 

1 2 286 

404 

3 2 454 

35 3 

10 

2 37 • 

f 2 38 

044 



1 2 273 

642 



( 2 378 

044 

t2 37 

324 



^ 2 271 

363 

10 

2 37 

2 370 

324 



f 2 30 

642 



\ 2 249 

054 



1 2 357 

144 



1 2 28 

404 

5 

2 24 i 

2 231 

613 



1 2 298 

642 

20 

2 296 

1 2 28 

363 


1 

1 2 230 

154 

15 

2 296 

1 2 285 

404 



^2 28 

073 



1 2 202 

344 

1 2 284 

363 



(2 26 

740 

10 

2 20 

2 197 

480 



^2 278 

073 

15 

2 25 

2 25 

613 


1 

[ 2 191 

722 



( 2 255 

740 



1 2 24 

173 


1 

^2 095 

354 

10 

2 26 1 

2 248 

613 

15 

2 20 


722 



2 094 

125 



1 2 243 

173 

3.2 20 

344 

10 

2 09 . 

2 092 

205 



( 2 236 

562 

5 

2 15 

2 15 

633 

2 086 

444 

10 

2 23 

2 231 

660 



/ 2 08 

524 



2 081 

21 5 



1 2 230 

480 



2 08 

125 



^2 080 

524 

15 

2 20 

6 2 216 

722 

20 

2 08 1 

2 08 

205 





l2 203 

344 



1 2 07 

643 





1 

2 15 

2 148 

633 



2 07 

215 







f 2 085 

524 

0 

2 05 ■ 

f 2 06 

482 







2 082 

125 


3 2 05 

831 





15 

2 08 

2 080 

205 



I 2 03 

802 '60 







2 072 

643 

5 

2 02 

2 02 

1 10 1 







t 2 070 

215 



1 2 02 

840 






( 

f 2 028 

802 76iO 









10 

2 02 

2 021 

1 01 1 










1 

1 2 018 

840 







1014 


Y Baskin and N S Krishna Prasad 


ThTa, CeTj, ZrTj am/HfTj Thorium nitralt solulion (purified by solvent extraction with TBP in 
xylene), zirconium nitrate (P Merck, reagent grade), ceric ammonium nitrate (E Merck, reagent 
grade) and hafnium nitrate solution (prepared from speetioscopically pure liafnium metal by dis- 
solving in hydrofluoric acid piccipitating as hydroxide and finally dissolving m nitric acid) were used 
for the prepaialion of these compounds lolloping the same general procedure described for UT| 
In these cases, however, it w.is nceessary to precipitate the complexes by dilution with watci alter 
mixing the alcoholic solutions ol the reagents Most ot the precipitates were recrystallized in benzene 
to yield crystals of suitable size loi single-crystal X-ray analysis 

PuTi High puiily plutonium metal was dissolved in hydiochlone acici and oxidized to (he 
tctravalent state by addition ol scveial diops ol mint aeid The solution was taken up in aleohol and 
irealcd with slightly less than the ealeiilatcd amount of TTA (also in a water -aleohol solution) to 
give Pul, The preeipilale was liUered and washed with distilled water and aleohol and finally 
reeiystallized liom benzene 

Ana! i so 

With (he exception ol Pul ,, all the compounds vseic analysed by careful ignition and weighing 
ol the resulting oxides Analysis in all eases eoiiespondtd to the lorniula MT,, where M slantls lor 
the metal and I fin the ionized I TA On the basis of its X-iay powder pattern, whieh is veiy similar 
to ihose ol the othei emnpounds, the 1 TA chelate of Pu is presumed to have a comparable lormula 
(PuT.) 

A/’paiatin 

Single-crystal X-iay studies weie made on UTj, Thlj, llfli, Zrl 4 and Cer 4 using the Buerger 
precession camera and Mok, radialuvn (0 7107 A) Precession phote'graph measuiements were 
corrected tor him shiinkago Zero and upper level phoresgraphs were taken of CeT 4 using a Weis- 
senberg eamtia Powelei phologiaphs weic taken <i| all the evnipounds wilh CuA^ ladialinn 
( I 5418 A) 1 he powder pat lei ns were not corrected lor film shi inkage owing to llic absence ol visible 
reflexions m the baek-refkxion region 

Inira-ied spcetia weic lecoided on a Pcrkin-rimcr Model 421 infia-rcd Spcetrophotoniclcr em- 
ploying the KUr pellet technique Nujesl mulls were not used However, theic was no thange in the 
speetia using the KBi mcthvid, indicating that no exchange of Bi look place with P 

Dificrcniial thermal analysis curves weic obtained with a R L Stone Model DS-2 Diffeicniial 
Theimal Analyser using a dynamic oxygen atmosphere and a heating rate ol 10 C/minule 

The number v'l molecules pci unit cell was determined Irom the observed density values These 
were obtained by precisely suspending single crystals in an aqueous solulion ol thallium formate 
and determining the density of the solution pycnometrieally 

RESULTS 

X-iav ci ystallo^raphit data 

Single cryst.il studies established the isomorphism of the five TTA chelates in- 
vestigated Using data obtained from the single-crystal photogiaphs, powder photo- 
graphs of all the compounds were indexed Calculated interplanar spacings were only 
given for those (hk!) reflexions which appeared on the Weissenberg and precession 
photographs Powdei diffraction data for the six compounds are given in Table 1 and 
clearly reveal the isomorphism of the compounds 

X-ray crystallographic data on these compounds are listed in Table 2 With the 
exception of PuTj, the values were derived from single-crystal photographs Lattice 
constants of PUT 4 were presumed to be essentially identical to those of CeT 4 , because 
of the virtual equivalence of the two diffraction patterns (see Table I) 

The length of the c-axis changes very little in the series of six compounds The 
length of the i-axis varies somewhat more, and that of the a-axis most Although the 
unit cell volumes fall within a relatively narrow range, there appears to be a direct 
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Table 2 — X-ray crystalloc.raphic data 


Orthorhombic, Z = 4{C32F,i.H,eMO„S») 


Compound 

a(A) 

«A) 

r{A) 

Unit cell 

Volume (A3) 

Density 
Calc (g/cm'’) 

Density 
Obs (g/cm'*) 

C 

-4 

17 701 

20 446 

10 736 

3885 5 

1 919 

1 87 

ThT, 

17 842 

20 630 

10 698 

3937 7 

1 883 

1 89 

HfT, 

17 258 

20 393 

10 794 

3798 9 

1 859 

1 80 

ZrT, 

17 271 

20 422 

10 779 

3801 8 

I 705 

1 67 

CeT, 

17 532 

20 719 

10710 

3890 4 

I 749 

1 76 

Puti 

17 53 

20 72 

1071 

3890 

1 92 



correlation between the metal covalent radius and either the cell volume or the c-axis 
length Thorium and uranium have somewhat larger covalent radii than either haf- 
nium or zirconium''’ '”* and this appears to be reflected in the cell volumes of their 
respective TTA chelates 

Buerger precession photographs were taken of crystals of each compound along the 
three major crystallographic axes All corresponding patterns exhibited identical 
symmetry and showed the same systematic extinctions A CeTj crystal, representa- 
tive of the other compounds, was further investigated with a Weisscnberg camera 
Oscillation and Weissenberg patterns were obtained with the a-axis of the crystal 
oriented parallel to the camera oscillation axis Equi-inclmation photographs were 
taken of eight higher levels 

The precession photographs taken along the three major axes all showed two fold 
rotations around the centre together with a mirror reflexion All of the photographs 
exhibited the same systematic absences, namely reflexions of the type (/lOI) with h 
odd, (/lAO) with k odd, (/lOO) with h odd, and (OAO) with k odd The probable space 
groups are cither or Ciy*-Pmd2 More investigation is needed before an 

unequivocal assignment can be made to one of these two space groups 

Optical examination 

Optical examination of the crystals of the various compounds confirmed the fact 
that they were oithorhombic ZrT^ and HfT4 were colourless, ThT^ pale yellow, LIT4 
and PuTj brown, and CeT4 deep reddish brown The observed colours agree with 
those reported for ThT4 and ZrT4, but not with the green colour reported for UT4 
The UT4 crystals show pronounced plcochroism, with colours ranging from deep 
blown to straw yellow The pinacoidal and prismatic faces were best developed m all 
of the crystals No signs of twinning were observed 

Even the coloured crystals were sufficiently translucent to permit determination of 
their refractive indices Optical data on the compounds are listed in Table 3 The 

L Pauling, Nature of the Chemical Bond, Cornell University Press Ithaca. New York (1919) 
oiM p Structural Inorpamc Chemntry, (3rd Ed ) Oxford (1961) 

t L Zebroski, U S a E C Report BC-63 (1947) 
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The deep colour of CeTj makes it difficult to determine whether or not it is slightly pleochroic 
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average refractive index varies relatively little in the series, demonstrating the equal- 
izing influence of the predominant TTA component The average refractive index of 
pure TTA is about 1 51 

WAVELENGTH tMJUCm'') LE 'H H, «•, 


i 789DPi^ C 7 ft t -) 



FREOUtNCY (CM') FREQUENCY (CV ) 

Fk. I — Infra-red absorplion spectra 

Injra-i ed ipec ti a 


The infra-red spectra of certain /?-dik.etones and some of their metallic chelates, 
particularly the acctyl-acetonatcs, have been investigated previously '*■ '''' The 
infra-red spectra of TTA and its chelates with tetravalent uranium, thorium, zirconium 
hafnium and cerium in the region 1 800-550 cm"* are given in Fig I and the frequen- 
cies at which the absorption peaks occur are listed m Table 4 The infrared spectra 
of the compounds investigated show strong similarities with little variation in the 
frequencies of their absorption bands As was reported by Ferraro and Hcaly'*®’, 
who investigated the infra-red spectra of ThT 4 and IJOoT,, the spectra are complex m 
nature and the strong absorption in the area 1650-1550 cm * is due to the carbonyl 
vibration Whereas for pure TTA this absorption occuis as a single band at 1650 cm * 
in the case of the five metallic chelates investigated there is a splitting of the band 
as well as a shift to lower frequencies This shift to lower frequencies is m agreement 
with the results previously reported for the metallic chelates with acetylacetone and is 
attributed to the formation of M— O bands 

R Rasmussen, D D TuNNirun and R R Brattain, y Aiiwi Chein Soc 71, 1068 (1949) 

J Lecomte, Due haraday Soc 9, 125 (1950) 

""C Duval, R FRtvMANNandJ Lfcomie, R«// Soc Chun (f/ci/ifc), 19, 106, (1952) 

“'■'H W Mori.an, U S A E C Document 2659 (1949) 

L J BruAMvandR F Branch, y Chem Soc 4491(1954) 

R L Beliord, a F Marieii and M J CALViN,y Iiioi" A«t/ C hcni 2, II (1956) 

R West and R Riley, y Inoip Nud Chem 5, 295 (1958) 

"*’J R Ferraro and T V FIeai ly, y /«<>(>' Nucl Chem In press ( 1962) 
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ThT, 
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ZrTi 

CeTj 

(cm ') / 

(cm ‘) 1 

(cm ') 1 

(cm ') / 

(cm ') t 

(cm ') / 

16 SO ni 


1620 in 

1620 m 

1631 s 

1612 III 

1600 III 


1568 s 

1570 li 

1578 I’s 

1579 ys 

1569 s 


1515 III 
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1540 s 

1545 III 

1534 j 


1508 III 

1505 //; 

1510 s 

1512 III 

1508 in 
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1405 s 

1404 s 

1409 s 

1410 s 

1408 4 
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1155 III 

1155 HI 

1158 i 

1158 III 

1155 III 

1341 fii 


1115 I's 

1308 I S 

1327 I's 

1327 i>s 

1109 I'S 

1255 V 

1254 V 

1252 m 

1252 s 

1255 s 

1252 s 
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1230 m 

1231 i 

1234 III 

1230 III 


1196 V 

1194 s 

1 198 s 
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1196 1 
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716 i 
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712 w 
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640 IV 

645 w 


580 tv 

578 IV 

580 IV 

588 K’ 

578 IV 


i s — very slrong, ) — strong, />i medium, n ^ weak 


FABir 5— MlLTlNCi POINTS OUrAlNrD prom dia curvi s 


Cciinptiund 

Melting point ( C )* 

Lftorature value CC) 

TTA 

50 

38-42t 

UT, 

250 


ThT, 

235 

224 

HfT, 

240 

— 

ZrT, 

240 

229 

CeT, 

190 



* Values are accurate to 10"C 
t Value given by manufacturer 
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FiC/ 2 DTA curves 


Differential thermal ana/\sis 

Differential thermal analysis curves for the various compounds and pure TTA are 
shown in Fig 2 The endothermic peaks are assumed to represent melting, since the 
peaks for ThT 4 and ZrT 4 occur at temperatures close to those reported for the two 
compounds*^'* Melting points of the compounds, based on the DTA studies, are 
listed in Table 5 along with a few literature values No reasons are apparent for the 
relatively low melting temperature of CeT 4 The exothermic peaks at around 300°C 
are thought to be associated with oxidation of sulphur, whereas those at 400-450°C 
are assumed to be caused by oxidation of CO and possibly carbon 

Achnowtetlgement — ^The authors gialefully acknowledge the assistance of K M Abubacker, 
Chemistry Division, Atomic Energy Eslablishment, Trombay, Bombay, India, in the preparation of 
Cl „ ThTj 7rTi and CeT, 
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AQUEOUS SYSTEMS AT HIGH TEMPERATURE^X 

INVESTfGATlONS ON THE SYSTEMS UO, CuO S0j-D,0, 
UO,-NiO~SO, op, AND UOj-CuO-NiO-SO,-Dp, 260 410 C. 
LIQUID-LIQUID I MMISCIBILITY AND CRITICAL PHENOMENA*'!' 

William L Marshall and Ernest V Jonls 
R eactor Chcniistiy Division, Oak Ridge National 1 aboratory Oak Ridge, Tennessee 

(Receiteii i Deceniba 1962) 

Abstract— With the use of the synthetic method, some phase boundaries of liquid -liquid innniscibilit> 
and critical phenomena (where L - V) were determined for the condensed systems UOs-CuO SO 3 - 
DjO, UO,-NiO-SOj D,0 and UOa-CuO -NiO-SOj D,0 at temperatures Irom 280 to 410 C, at 
SOj concentrations varying from 0 02 to 1 0 molal, and at varying molal ratios, LO 3 CuO NiO 
With some of these results, combined with previous data, three-dimensional models were eon- 
structed which specified the saturating phases or critical phenomena, and the variation in phase 
boundaries as a function of temperature (260-430 ) and composition (0 02-1 0 molal SO 3 ) for the 
lour-component systems UOj-CuO SOj-DjO and UO 3 NiO-SOj-D.O In the system containing 
CuO the second liquid phase predominated as a saturating phase at the higher temperatures and 
extended from the system UOa SO,-D/> to CuO-SOa-DaO whereas, for the system containing NTO 
the solid, NiSOi DjO, was the predominant saturating phase In both systems a critical surface was 
defined over which maximum molal ratios, 23 (metallic oxide) SO 3 , varying fresm 0 3 to 0 5 were 
observed In the two liquid phase regions, as an approximation, CuO, NiO, or both can be stoicheio- 
metiically substituted for LIO 3 m smalt amounts m a particular composition without changing 
appreciably the temperature ot liquid liquid immiseibihty 

Liquid -i IQUID immiscibility and high concentrations of metallic oxide component m 
the superctitical fluid have been found previously in the condensed systems UQ^-SOj- 
H,0 U 0 j-S 03 -D ,0 and CuO-SO^-D^O at temperatures between 270 and 430"C 
The results of these investigations have been of use in the selection of fuel compositions 
for aqueous homogeneous reactors Of nioie value would be systematic information 
on the boundary regions of liquid-liquid and liquid solid equilibria, and critical 
phenomena (where L -- V) of systems containing all the primary components of a 
icactor fuel These systems involve UO 3 as the fuel component, CuO as a component 
utilized foi the catalytic recombination of radiolytic H, and O,, and NiO which 
dissolves into solution as a corrosion product of stainless steels 

The purpose of this study, therefore, was to provide sufl'icient phase equilibrium 
data, obtained in a systematic manner, for establishment of solution and solid (or 
second liquid phase) compositions, and critical phenomena over a wide variation of 
concentration and temperature Some of these phase boundaries are presented for 
portions of the systems UOj-CuO- SO,-D,0, UOj-NiO-SOj-D_,0. and UO^-CuO- 
NiO-SOj D 3 O When part of this information is combined with previous data for 

* This papei is based on work performed at 0.ik Ridge National Laboratorv, which is operated 
by Union Carbide Corporation for the U S Atomic Energy Commission 

<0 Previous Paper in Series “The System Li>S 04 -H 3 SOi-H 30 and ils DjO Analogue, 200-350 C, ' 
W L Marshall, R Slusher and F J Smiths Inor^ NucI Chem 25, 559 (19631 
W L Marshall, E V Jones. G M Hebert and E J SMirii, V NucI Chem 24, 995 

(1962) 
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the separate three-component systems DOj SO, CuO-SOj and 

NiO SO( the four-component systems UOi-CuO-SOj-DgO and UO^ -NiO- 

SO, DjOat 300 and with some additional data presented herein, three-dimensional 
models can be constructed to describe portions of the four-component systems as a 
function of tempeialure 

EXPERIMENT Ab 

RcigsHts used won, Ihe same as described in previous papcis of this scries The method of 
pisparation of synthetic solutions ssas the same All other cxpei imcntal procedures were identical, 
the synthetic method'"' being used to dehne boundaries of liquid liquid iminiscibility and critical 
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PtRCENTAGE FILLING BY LIQUID PHASE AT TEMPERATURE 


fit, I — The effect of tube (tiling on the apparent critical tcmpeiature 
for solutions ol .SO, IJOj, and D^O 

phenomena T he ohsei vations of .i rapid revcisibilily with tcmpeialuic ol liquid liquid immiscibiliiy 
and critical phenomena \scrc identical with those observations made previously 

Since true ciitical phenomena, where liquid (L) becomes idcntic.il with vapoui (V), are observed 
only when the volumes of the two phases are identical it was of interest to dciei mincapparcntcritical 
temperatures (wheic the meniscus became undetectable by visual observation) as a lunction of 
liquid-volume rilling fhe results for tvvo solutions, I 0 and 0 6 molal m SO,, and both containing 
UOa, plotted m f ig I, show ,i maxiinum dilfercnce ol about 8 degices between a 50 per cent and 
70 per ccnl filling Eor pure DX) the dilfercnce in apparent critic.il temperature between these two 
limits would be about 1 degree Temperatures icportcd loi critical phenomena were obtained 
lor liquid fillings at temperature between these limits and. therefore, might be expected not to exceed 
an error of - 1 to 2 at low concentrations ol SOt and - 8 at I molal SO, Eoi a single experiment 
It is difheult to adjust the liquid to vapour volume ratio at 25 to give a 50 per cent hlling at the 
observed critical temperature 

RESULTS AND DISCUSSION 

The four iomponent fystemv LJOj-CuO SO, D^O ami UO, NiO-SO,-DjO 

When the additional component, CuO or NiO, is added to the system (JOj SO,- 
DgO a further definition and restriction of composition must be made in order to 
retain simplicity in the presentation ofthedata Previously, the molal ratio, me/a//ic oxide 
was defined as R, , R, „, or /?m for the sepaiate molal ratios A new symbol, 

'■*' W L Marshau.J S Gill and Ruth Slusiilr, / Iiiorx Nucl Chem 24,889 (1962) 

W L Marshali and J S Gill, 7 Inorg Nucl Chem 22, 115 (1961) 

C J Barton, G M Hi-BERrandW L Marshall, J Inorg Nucl Chem 21,141 (1961) 

G M Htnutr, H F McDutnEandC H Sicoy,/ Phv Chem 62,411 (1958) 
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R, IS now used for the summation of the separate ratios This and the previous ratios 
provided a means of showing conveniently on one plot the change with temperature of 
phase boundaries over a wide range of SO 3 concentration The additional restriction 
IS that for any set of particular experiments another molal ratio, that of metallic 
oxides to each other, /?(MO), as specific examples, w, Wmo ^ CuO) 

or mi o, WuuiiuouMin.Liaiiicosi,!.. MO), IS kept constant Experiments on 

these restricted solution compositions provide a set of boundary curves of liquid- 
liquid immiscibihty, critical phenomena, or precipitation of solid as a function 
of temperature, each (urre representing conditions at a fixed concentration of 
SOj and value of /?(MO) but at a variation of R The molality of SO, is changed 
for each curve but the value of /?(MO) is changed only for each separate set 
of cuives 

The data experimentally obtained for the four-component systems TJO,-CuO- 
SO 3 D 3 O and UO 3 -N 1 O-SO 3 D^O are included on Table 1 , sets A and B are for the 
system containing CuO and sets C and D for that one containing NiO Fncluded m 
the key to Table 1 are the values of /{(MO) for each set Including the data previously 
presented on the separate three-component systems,*^ four sets each of data were 
then available for describing the system containing CuO and the one containing NiO, 
these being for /?(UO, MO) 1 0, 2 I, I I, and 0 1 

Figure 2 shows the two new sets each of curves plotted from data in Table I for the 
two four-component systems, and includes values presented previously at /? == 0 
In many experiments on solutions of high R and low /{(UO, MO) a very small amount 
ot solid was observed to appear at several degrees below the reported temperature of 
liquid-hquid immiscibihty In some experiments a large amount of solid appeared 
These observations are designated in Table 1 , the temperatures of hquid-hquid 
immiscibihty are still reported but represent the behaviour of liquid phase composi- 
tions along a liquidi-liquidj -solid phase boundary not too far removed from the 
solution compositions at 25" 

From the curves, from some additional data given herein (Table 2), and from the 
data presented previously,*-'’^’ five drawings each were constructed to describe the 
CuO and NiO containing systems Each drawing showed isotherms of the phase 
boundaries plotted on two-dimensional, orthogonal axes of /?, against /?, „ or R-^^ 
at a fixed molality of SO, 

In the construction of these diawings some speculation was necessary to fill in 
certain areas where solid phases saturated the solution With respect to the separate 
thiee-component systems UOj-SOj-D^O, CuO SO, D^O, and NiO-SO, D,0 there 
was little ambiguity Some solubilities of UO, hydrates in SO, H.O at temperatures 
up to 350" have been presented previously The solubility of UO, ' D,0 m SO,- 
D^O solutions was determined at 300" with J S Giia * and R Slushfr* (Table 2) and 
showed little difference from those values m SO,-FljO The solubility of antleritc 
(3CuO SO, 2 D 2 O) in S0j-D,0 was determined at 300, 325 and 350" with Giti 
(Table 2) and showed somewhat higher solubilities than in SOg-H^O solution Solu- 
bilities of two salts (CuO 3UO, and 3 CUOSO 32 D 2 O) in 50 ,- 0.30 solutions at 325 
and 350" along an isothermally invariant curve (Table 2) were determined with Gill 

* Reactor Chemistry Division, Oak Ridge National Laboiatory 
F V Jones and W L Marshall, 2 NucI Chem 23,287 (1961) 
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0 02 04 06 08 10 0 02 04 06 08 (0 

R 


Fio 2 — l.iquid litjuid iinmiscibility and crrlita] phcnijmena in ihc systems 
UO, CuO S0j-D;0 (Sets A and B) and UO 3 NiO-SO) D^O (Sets C and D), 260- 
410 C (Key R 2-«)mrta!iii oxia.H/"»s(>3, In Sets A, mco/miuoj 0 333 B, 

W( uii//i7i() 3 -1, C, w-jioAni (>3 = 0 333, D, win ,i)/mui3 1) 

and showed little change tn /?(UOt CuO) with temperature at constant molality 
of SOj 

From isotherms, selected from one drawing only, the dimensions were obtained 
from which a three-dimensional model could be constructed to show the variation of 
phase boundaries both as a function of for each of the metallic oxide 

components and as a function of temperature A series of these models was 
constructed from wood and showed the variation of phase boundaries at molalities 
of SO 3 of 0 0200, 0 0500, 0 100, 0 500 and 1-00. 
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Drawings made from photographs of the five models each of the two systems 
(JOj-CuO-SO^-DoO and LJO-,-NtO SOj-D^O are shown in Fig 3 Each model 
shows the region of solution unsaturation and its boundaries where specified solid 
phases or second liquid phases saturated the liquid phase, or where critical phenomena 


TaBLF 2 -SoMF SOIUBILITIFS IN THF SYS! FMS UO3 — SO3 — D^O, CuO — SOj DjO AND 
UO C uO SO3— D3O, 300-350 C 


SO, Saturating SO, Saturating 

(molality) R, phases (molality) 7?,^ phases 


A System UO3 SO, OjO B System CuO SO, DO (Contd ) 

At 300 C ' At 325 C 


0 0471 

0 976 

A" 

0 385 

0 690 

B« 

0 0470 

0 972 

A-* 

0 348 

0 681 

B“ 

0 0281 

0 945 

A* 

0 333 

0 667 

B‘ 

0 0272 

0 956 

A' 

0 322 

0 669 

B' 

0 0186 

0910 

A* 

0 140 

0614 

B 

0 0150 

0 890 

A‘ 

0 0900 

0 594 

B“ 

0 0007 

0 86 

A“ 

0 0208 

0 522 

B- 

0 0051 

0 82 

A‘ 

0 00139 

0 337 

B“ - L“ 

0 0032 

0 74 

A" 

0 00139 

0 296 

B r 

0 0020 

0 73 

A“ 

0 00113 

0 329 

F.» 

0 0015 

0 62 

A' 




00012 

0 68 

A* 

At 350 C 






0 273 

0 608 

D 

System CuO SO, D.O 


0 255 

0 612 

D 

\i 300 C 



0 1762 

0 596 

D 

I 460 

0 800 

B 

0 0972 

0 575 

D 

1 063 

0 769 

B 

0 0745 

0 579 

D B» 

0 071 

0 754 

B 

so7 

^ Rx R,\~' 

S,aturating 

0 760 

0 731 

B 

(»l) 


phases 

0 701 

0 725 

B 

— 




0 578 

0711 

B 




0 476 

0 697 

n 

C System UD, CuO-SO, lUO 


0 341 

0 671 

B 

At 325 C 



0 ! 56X 

0 620 

B 

0 0305 

0 364 0 308 

B ( 

0 0037 

0 619 

B 

0 0275 

0 375 0 313 

B C 

0 0258 

0 548 

B 

0 0225 

0 338 0 329 

U C 

0 00139 

0 362 

B 




0 00132 

0 325 

B L 

At 350 C 



0 00128 

0314 

B r 

0 0308 

0 347 0 296 

B" ( ' 

0 00117 

0 334 

B E 

0 0302 

0 371 0 311 

Bi C’ 


0 02't7 0 3S1 0 311 H" (* 


AT.) Ki 

A 

C 

F 


"'l O3 „ "h III) 

, II - 

UO3 iD.O. B Antleritc(3CuO SO3 2tl30 or 3CuO SO, ZD^O) 

CuO 3UO3, D Second Liquid Phase 
Unknown a copper oxy-suphate, CigOH), or CuO 

Where marked with an “a ’ the solid phases were determined by comparison of \-ra\ 
diffraction patterns, otheiwisc they were estimated fioni the bchasiour of the stsiem 
and past observations 
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were observed, for compositions containing a fixed concentration of SO3 Not on) 
can the solubility limits be defined but, by simultaneous examination of the senes c 
models, the variation 111 surface areas for the different solids which saturate the solu 
tion phase can be compated In this respect, in all models the linear distance for on 
unit of /? (tit constant tempci<iture) is the same , the tein perature scale is also identica 
rhclcfoic. dist.iiKcs on the models aic directly compaitible by dimension on the basi 



r 10 3 - Diassings ot thiec-dimensiondl models showing the surfaces of saturation and 
crilictil phenomena for the systems UO, CuO SOj-D^O (/t) and UO3 NiO-SOj-DjO(B) 


of R (and T) but nor on the basis of molality of components Otherwise, lengths along 
these scales on the model depicting phase boundaries for solutions 0 02 molal m SO3 
would be roughly 1/50 those of the model for compositions 1 0 molal in SOj 

Although some temperatures of two-liquid phase formation arc given m Table I 
with the notations that solid formed at lower temperature, only those temperatures for 
which solid was not observed were used in construction of the models These bound- 
aries of liquid liquid immiscibility then fitted well with the data on solid-liquid equi- 
libria, obtained by sampling of solution phases at temperature Upon consideration 
of these various studies and results presented previously, the extent of solution 
saturation is believed to be well defined although the location of a few of the boundaries 
between different solid phases may not be exact 

Upon inspection of the models there are several points of interest Firstly, the 
proportional area of liquid-liquid immiscibility is seen to increase as the concentration 
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of SO3 increases, both for the system containing CuO and that one containing NiO. 
Secondly, the lowest temperatures of liquid liquid immiscibility decrease with increasing 
SOj concentration Thirdly, for the system containing CuO, the surface area of liquid— 
liquid immiscibihty extends from the system IJO^-SO^-D^O to CuO-SOj-D^O and, 
at the higher concentiations of SOj, covers proportionally the largest area In con- 
trast, the areas of hquid-liquid immiscibihty in the system containing NiO never 
extend to the system Ni0-S0j-D20 and cover a proportionally smaller area, the 
piedominant saturating phase is the solid NiSO, D.O These observations might be 



R R 

Fig 4 - Liquid-Iiquid immiscibility and critical phenomena in the system UO3 CuO- 
N,0-S03-D,0 (Sets E, F, G, H). 260-410 C (Key R Im, „ k„ 3, 
molal ratio (UO3 CuO NiO) in sets E, 8 1 1 , F, 4 1 I G, 2 t 1,H, 1 1 1 ) 
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TaBIE ? SeLECIEU ( O-ORDINA I ( S Ff>R BOE'NOARY KEtilONS Uf SAEURATFE) SOLUTIONS AT CONSTANI 
( ONCENTRATIONS OF SOj IN SVSIIMS UOj CuO-SOa* D.O AND UOi-NlO-SOa D;0 


I’oinl'* 

Co-ordinalcs'' 

Point* 

ro-ordmdtes*> 

J S\stcni LfOj 

CuO SOj J3,0 

8 

260, 0, 0 58 

(1 000)' 


9 

260, 0 42, 0 33 

1 

260, 1 25, 0 

12 

347, 0 43, 0 29 

2 

267, 1 24, 0 

13 

373, 0 14, 0 38 


ty5, 0 35, 0 



4 

408, 0, 0 

JI System UOj NiO SOj DjO 

5 

427, 0, 0 32 

(1 000)' 

Co-ordinates’’’'! 

(> 

340, 0, 0 77 

14 

413, 0, 0 13 

S 

260, 0, 0 78 

15 

260, 0, 0 45 

0 

260, 0 22, 0 63 

16 

260, 0 87, 0 32 

10 

260, 0 06,015 

17 

260, 1 22, 0 030 

1 1 

275, 0 98, 0 1 5 

18 

267, I 21, 0 025 

12 

315, 0 26, 0 62 

19 

276, 0 88, 0 31 

(0 SOO) 


20 

320, 0 58, 0 32 

1 

260, 1 20, 0 

21 

398, 0 30, 0 14 


272, I 20, 0 

(0 500) 


3 

386, 0 31, 0 

14 

396, 0, 0 12 

4 

389, 0, 0 

1 5 

260, 0, 0 48 

5 

396, 0, 0 32 

16 

260, 0 87, 0 30 

6 

346, 0, 0 69 

17 

260, 1 16, 0 04 

« 

260, 0, 0 70 

18 

272, 1 16, 0 03 


260, 0 36, 0 52 

19 

281, 0 89, 0 27 

10 

260, 0 88, 0 19 

20 

330, 0 55, 0 28 

II 

277, 0 90, 0 16 

21 

388, 0 26, 0 12 

12 

308, 0 39, 0 48 

(0 1000) 


(0 1000) 


14 

376, 0, 0 12 

1 

260, 1 08, 0 

15 

260. 0, 0 52 

2 

298, 1 06, 0 

16 

260, 0 62, 0 33 

3 

376 0 25, 0 

17 

260, 1 03, 0 04 

4 

376, 0, 0 

18 

297, 1 02, 0 03 

5 

379, 0, 0 51 

19 

307, 0 65. 0 25 

() 

360, 0, 0 63 

20 

340, 0 38, 0 24 

8 

260, 0, 0 65 

21 

375, 0 16, 0 12 

y 

260, 0 62, 0 34 

(0 0500) 


12 

302, 0 64, 0 31 

14 

374, 0, 011 

(0 0500) 


15 

260, 0, 0 58 

1 

260, 1 03, 0 

16 

260, 0 51, 0 34 

2 

317, 0 98, 0 

17 

260, 0 97, 0 04 

3 

374, 0 32, 0 

18 

318, 0 91, 003 

4 

373, 0, 0 

19 

330, 0 54, 0 21 

7 

374 , 0, 0 52 

20 

350, 0 37, 0 19 

8 

260, 0. 0 65 

21 

374, 0 20, 0 10 

9 

260, 0 53, 0 33 

(0 0200) 


12 

321, 0 57, 0 26 

14 

373, 0, 0 10 

13 

374, 0 06, 0 50 

15 

260, 0, 0 68 

(0 0200) 


16 

260, 0 50, 0 40 

1 

260, 0 95, 0 

17 

260, 0 86, 0 07 

2 

340, 0 81, 0 

18 

341, 0 76, 0 03 

3 

373, 0 32, 0 

19 

348, 0 43, 0 1 8 

4 

372, 0, 0 

20 

360, 0 30, 0 15 

7 

373, 0, 0 43 

21 

373, 0 18, 009 

(ii) Designated 

on Fig 3 

(e) In parentheses molality of SOj 

(/)) Order i( C). , /?( „ (or R\ ,) 

(d) Co-ordinates of Points I 

4 are the same for both systems 
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explained by speculating that CUSO4 behaves in solution analogously to UO2SO,, 
considerable association to form non-ionic species may occur and thus enhance the 
probability of forming two liquid phases On the other hand, N1SO4 may exist largely 
in the form of several ionic species, which would not be expected to favour the forma- 
tion of immiscible liquids 

The fourth point of interest lies with the supercritical surface over which the liquid 
phase becomes identical with vapour phase in all respects The vapour-pressure of the 
system for any composition on this surface is also dehned uniquely as the critical 
pressure Ncveithcless, in contrast to a one component system, upon increasing the 
temperature of the system above that at the critical point, but upon maintaining a 
constant pressure, a second liquid or solid phase may form from the supercritical 
fluid Fig 2 and the derived models give only the boundary limits at the critical tem- 
perature Of considerable interest, however, is the extent over which metallic oxides 
in one form or another are soluble in supercritical SO^-D^O (or in SOj- H^O) 

Values of temperature and concentration at selected boundary points of saturation 
on each of the ten models have been documented and are presented in Table 3 

The fnc component system TJOg-CuO-NiO-SOj D>0 

A simple description of the five-component system UO^ CuO-NiO-SOj-D^O is 
exceedingly difficult Previously, part of the system was defined at a constant tempera- 
ture of 300'^ In this present work, four sets of experimental data are given m Table 1 
(Sets E, F, G, H) and define phase boundaries at values of /?(UO, CuO NiO)of8 I 1, 
4 1 1,2 1 1, and 111, respectively 

These data and the previous values at y? — 0,‘-' plotted in Fig 4, might be used to 
construct three-dimensional models depicting the phase boundaries in which the CuO 
and NiO components aie combined — /?(CuO NiO) is kept constant at 1 1 — in order 
to coiiespond to a pseudo, single component 

Simplification of phase boundaries of hquid-hquid immntibihty 

tf values of R are plotted against temperatures of liquid liquid immiscibility at 
constant molality of SO, but for variations of /((MO) — (sets A H) — then a series of 
curves is obtained which is not far removed from the boundary curve for the three- 
component system U03-S0j-D>0 Plots of temperature against the mole fraction of 
UO, (iiiiM) ) (wi (I3 h w, u,) I Wmo) at constant w-,o, Jnd R have been made, as 
well as plots of R against mole fraction of UOt at constant and temperature As 
an approximation it appears that CuO, NiO, or both can be substituted for IJO3 until 
the mole fraction of UO3 is lowered to about 0 7 with not more than a few degrees 
inciease in temperature of liquid-liquid immiscibility at constant R. or with not more 
than about | 6 per cent change in R at constant temperature 
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EFFECT OF PRESSURE ON LIQUID-LIQUID IMMISCIBILITY IN THE 
SYSTEM UO 2 SO 4 HaO AND LIQUID-SUPERCRITICAL FLUID EQUILIBRIA 
IN THE SYSTEM U0,S04-H2S04-H20 , 290-430"C, 75-330 BARS*'** 

William L Marshali and James S Gii l 

Reactor Chemistry Division, Oak Ridge National I aboratory, 

Oak Ridge, Tennessee 

( Received 3 December 1962) 


Abstract —By making use of a visual method, the ellect of hydrostatic pressures up to 320 bars in 
raising the temperature, in the vicinity of 300 C at saturation vapour-pressure, of second-liquid 
phase formation in the system UOjSO, H.O for solutions varying from 0 14 to 4 5 molal in UO.SO, 
was found to be I 0 082' per bar One esploratory run each on a solution of UOjFj and H^O, and 
of CuSO,, H.SOj and H,0, both of which show liquid liquid immiscibility near 320' gave values of 
(dijdp) at constant composition of ~ i 0 10 and ‘0 11, respectively Since {Stjdp) at a constant 
density of 0 712 for liquid H,0 at 300 ’ is t-0 093 ’ per bar, the temperature of liquid liquid immisci- 
bility appears to show a strong dependency on solvent density The effect of pressures up to 330 
bars on the temperature of second-liquid phase formation from the supercritical fluid UO, SOj-HjO 
near 400' was found also to correspond appioximately to (dt/dp) at constant density for H^O at the 
same initial pressure, the value being in the vicinity of i04 per bar In some additional experiments 
the vapour-pressures for the deliquescence of solid UO^SO, hydrate were found to vary from 120 
bars at 345 ' to 305 bars at 425 

For the use of aqueous, homogeneous reactor fuels containing U 02 S 04 as the major 
component it was of inteiest to know the effect of hydrostatic pressure upon the 
temperature of second-liquid phase formation For stoicheiometric UO>SOj solutions 
111 the piescncc of vapour, the temperatures of liquid-liquid immiscibility drop sharply 
from about 350’ to a Hat minimum at about 286’, and then increase slowly as the 
concentration of UOjSO, increases This phase boundary of liqutd-liquid immis- 
cibihty and related boundaries in the system UO, CuO NiO-SO,,-D,0, of primary 
interest to homogeneous reactors, constituted upper limits for temperatures of the 
fuel The effect of hydrostatic picssure (its magnitude and direction) on the tempera- 
tures of immiscibility nc^t only would be of applied interest to the construction and 
operation of homogeneous reactors but might be related ultimately to somegencrali/ed 
solubility behavior of salts of these components in water solution 

This paper presents data on the effect of hydrostatic picssure on the temperatures 
of second-liquid phase formation of stoichciomcti ic UO.SOj-HjO solutions at 
concentrations from 0 14 to 4 53 molal in UO,S 04 . at tcmpeiatures fiom 286 to 318’ 

* This paper is based upon work performed at Oak Ridge National Laboratory, which is operated 
for the U S Atomic Energy Commission by Union Carbide Nuclear Corporation 

Previous Paper in Series “Liquid -Liquid Immiscibility and Ciitical Phenomena in the Systems 

UO,-CuO-SO,-D,0, UO.-NiO S0j-D,0 and UO, CuO NiO SO3 D,0, 260 410 C.” 

W L Marshall and E V Jonls, / //lorg Nucf Chem 25 , 1021 (1963) 
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iind at pressures up to 320 bars Some additional data are presented which show the 
cITect of pressure on the temperature of formation of heavy-liquid phases from 
supercritical, UO^SO^ H^O fluids containing excesses of HgSO,, All data were 
obtained by visual observation through the use of glass tubes containing liquid phase 
compositions which could be prcssuri/ed by external means An empirical relationship 
of the tempcratuic ol formation to the solvent density is observed 

t-XPERIMf N FAt 

1 hi. [in.pai,inoiis .nui aii.ilysi.s ot sloichcioinctric UO^SO, sotulions, of UO2SO4 solutions 
containing an excess ot It SO, and of llic solutions conlaining CuSOj and UO^F., were carried out 
in the mannci desci ibed picvunisly 1 he reagents used in the preparations were the same The 
addition.il icagent UO.I vsas the same .as used cailicr 

I xpcriments wci e pcrloi nicd by the ordinaiy synthetic'^' and by a modihed synthetic procedure 
In tile mollified method, using <1 gl.iss-to-meial tube connector described in detail elsewhcie,''*' a 
gl.iss tube, connector and metal capillary tubing were tilled with a solution of known composition 
The gl.iss tube, scaled .it the loveer end and extending 15 cm down from the tube connector, was 
inscited into a molten-s.ilt-b.ith apparatus described pievioiisly T he Vibiotcol* w.'s rot attached 
and the connector was kept in the cool /one outside of the salt bath The contents of the tube were 
pressijri/ed by ine.ins ol an extern. il high picssure assembly This pressure was mcasuicd on .a 
bourdon type gauged which w.is calibiated to | 0 1 per cent of leading by means of a dead-weight 
tester I 

In the experimental proccduie the solution within the tube was pressurued to a pressure, estimated 
from cxplor.itory runs, which would not permit a sccond-Iiquid phase at the temperature of the salt 
bath The lube w.is then insetted into the bath, held at constant temperature, and the internal 
pressure slowly lowcicd until immiscibility was obscreed as evidenced bv opalescence throughout the 
solution The pressure w.is then raised immediately and imnuscibilily disappeared This procedure 
was repealed several limes at one temperature with a reproducibility in pressure reading of 12 4 
bars J or furihir detcimmalions the temperature was changed to another constant value and the 
lowering and consequent taising ot picssuic was then repeated to obtain another boundary limit ot 
pressure and lempciaturc It there was a del.ay in raising the piessuic, the consequent macro- 
separation into an upper and lower liquid-layer, following the opalescence, prevented redetcrmination 
of the iminiscibility point because of dilTiculty in remixing the two phases 

In one senes of experiments the pressure ol water-vapour or supcrenijcal fluid necessary to 
dissolve solid UOjSOj hydiatc at tcmperatuics above 300" was determined by fiist adding powdered 
UO4SO, 3HjO to a capillary tube At constant, high temperature the solid was picssuri/ed slowly 
with pure water-vapour or supercritical fluid, and the picssure was recorded at which the solid first 
began to dissolve to form a liquid solution By lowering the pressure slowly, the reverse effect was 
obseived and the point ol foimation of solid was recorded 

RbSUFTS AND DISCUSSION 

Ljfcct oj piessiirc on hquicl-liquul immiscihilily in the system UOgSO^-HiO 

In Table 1 arc listed the pressure-temperature boundary data obtained in this 
investigation for stoiclieiometric UO 2 SO., solutions From these data it is seen that 
hydrostatic pressure has a significant effect on the temperature at which the second- 
liquid phase appeals If the data are plotted separately for each concentration of 

* Burgess Vibrocrallers, tne , Grayslake, III , U S A 

f Heise Bourdon Tube Co , Newion, Connecticut, USA (16" dia , 0-10,000 psi gauge) 

f Manning, Maxwell and Moore, Inc , Stratford, Connecticut, USA (Ashcroft Dcad-Weight 
Tester) 

E V Jones and W L Marshaii.^ //rnrg Atuct Chem 23,287,295 (1961) 

'•*’ W L Marshall, J S Gill and C H Secoy,/ Amer Chem 5oc , 76, 4279 (1954) 

'*> C J Barton, G M Hebert and W L Marshall, y /nor^ Nucl Chem ,21, 141 (1961) 

J S Gill and W L Marshall, Rev Sci Instrum 34, 442 (1963) 
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Table I — The Effect of pressure on the temperaturf of liouid-liquid 

IMMlSCtHtLIlY IN THE SYSFFM UOjSOi' H^O 


/•(Bars) tVO 


PtBars) i( C) 


(0 140)* t 
88 1 
173 
247 
269 


302 

311 

316 

318 


(0 280) 
80t 
135 
155 
157 
203 
226 
243 
272 
304 


295 

300 

302 

303 
305 

308 

309 
312 
314 


(0 350) 
77 
159 
223 
245 
267 


292 

300 

305 

306 
308 


(0 580) 
70 1 
104 
142 
160 
201 


286 

290 

292 

293 
296 


(1 18) 
70 r 
121 
145 
158 
223 
263 
324 


286 

290 

292 

293 
298 
301 
306 


(2 60) 


74J 

290 

101 

292 

134 

295 

162 

297 

215 

301 

258 

304 

270 

306 

310 

308 

(281) 

74J 

290 

151 

296 

172 

298 

205 

300 

228 

304 

275 

306 

(3 54) 

00 
+ 4 - 

293 

129 

296 

150 

298 

184 

300 

213 

303 

235 

305 

280 

308 

298 

310 

316 

311 

(4 02) 

80t 

295 

122 

298 

162 

302 

183 

304 

203 

305 

208 

306 

226 

307 

256 

310 


(1 86 ) 


72t 

288 

216 

300 

263 

304 

294 

306 

316 

308 


(4 53) 


124 

304 

160 

306 

188 

309 

223 

312 

253 

314 


* In parentheses molality of UO.SOi 

I At molalities of UO.SO, from 0 140 to 0 580, the heavy-liquid phase (/..) appears upon 
lowering the pressure and at higher concentrations, the light-liquid phase (f.,) 

t Estimated vapour-pressure at three phase equilibrium point Z-i • L, 4 



1036 


W L Marshall and J S Gill 


UO2SO4 and are then compared, the following observations can be made 

(1) The application of hydrostatic pressure at all concentrations of UO2SO4 
increases the temperature of hquid-liquid immiscibility 

(2) The change of temperature of appearance of a second liquid with pressure at a 
fixed conccntiation, .\, of UO2SO4, le (dtjdp)^., is approximately constant 
regardless of whether the heavy-liquid phase (L,,) or light-liquid phase (Lj) is 
the one appearing from solution 

After consideiation ol comments (1) and (2), all data wcie normali/cd by adjusting 
to a common curve, shown m Tig 1, of A(temperaturc) vs A(prcssure) At At and 



-50 0 50 100 ISO 200 250 

A PRCSSUHE Ibors) 


Flo 1 — The effect of hydrostatic pressure on licjuid-liquid immiscibility for stoicheio- 
metric LIO^SOi solutions (in 11^0) 1 1 separate runs {Note atkted ui proof Subtract 

2“ from Tiz+p for corrected temperature) 

A/i ^ 0 for each separate concentration of UO2SO4 the vapour-pressure and tem- 
perature is that at the three-phase invariant point £4 I L.,+ V The vapour-pressures 
of the various solutions at this point were estimated roughly to be close to that for Tf20 
(70 bars at 286" and 88 bars at 302") and did not need to be known exactly since the 
lowering in vapour-pressure due to the solute was very small compared to the relative 
amount of hydrostatic pressure applied to the solution phase 

If the values for change in temperature with pressure at constant density id) of 
liquid water (£), 1 e , {dtjdp)^, at the limit where vapour is present are determined by 
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making use of other data,"’' then they vary from 0 086“ per bar at 286“ to 0 094° per 
bar at 302° The variation of temperature with pressure at constant density of liquid 
water is nearly linear at pressures from that of saturation vapour (the limit) to those 
much greater than 300 bars The average slope, {dtjdp)^, for the Lj 4- equilibrium, 
obtained from Fig I, is 0 082° per bar which is close to the values, (dtjdp)^, for the 
pure solvent, H2O One experimental run each, made with a 2 758 molal stoicheio- 
metric UOjF.^ solution and with a I 306 molal CUSO4 solution containing 0 242 molal 
H,SOj, both of which exhibit liquid-liquid immiscibility near 320“, gave values of 
(5//5/j)j. of ~0 10 and ~0 1 1, respectively, for the change m immiscibility temperature 
with pressure (Fig 2) The corresponding values, (dll dp),,, for H2O, at the temperature 



PiCi 2 -Fffcct of piosure on the tcmpciaturc of liquid -liquid immiscibilit' for one 
HjO -lOlulion of UOjFj and one of CuSO, and II.SOj 

of appearance of 2L m the presence of V for each system, were 0 105 and 0 112, 
respectively An assumption is made that (dljdp),, for the various solutions at pres- 
sures at least up to 300 bars is nearly the same as that for the solvent Fl20 (although 
their lespective densities will vary with concentration) With this assumption it 
appears that the temperature of liquid -liquid immiscibility for the several salt solutions, 
in particular foi stoichiometric UO2SO, solutions at temperatures near 300 , is, to a 
lirst order, dependent on density if isobaric plots of density versus temperature are 
made for a particular liquid-phase composition (L) then the second-liquid-phase 
should lirst appeal when the density decreases to a unique value for all isobars The 
fact that (dtjdp)^ for solutions of high concentiation is still approximately the same as 
(dljdp),, for H2O, independent of the phase which separates 01 the above assumption, 
seems to indicate a first order dependency on solicnt density or <m another property, 
paiticularly dielectric constant, which is strongly dependent on density 

The data in Table 1 were used to make diagrams of pressure and composition 
showing two-hquid phase boundaries for stoicheiometric LJO2SO, solutions at constant 
W T Holser and G C Kennedy, /tmer J Sci 256,744-53 (1958) 
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temperature An example of these showing the relationships at 310° is given in Fig 3 
The points in Fig 3 were read off the curve of Fig 1 , or from an extrapolated portion, 
and were converted to actual values of pressure and temperature Since in each of the 
two liquid phases /?, , defined .is/n, usually is not unity, Fig 3 in reality is 

a plane showing compositional boundaries at -- 1 0 of the three-component 
system UOj SO^ H^O, the lie lines ol which arc undefined 



o I 


o 10 ?0 3 0 ■so so 60 

UO- SO 4 (mololily) 

f-icj 3 — Tho Ovo liquid phase boundary for sloicheiomelric UO^SOj solutions 

at 310 C 

r.ffcil of pit’ssiiic on lu/iiid-supeunlual JIuicl lupiilihnci in the syitem UOj-SOj-HaO 

The temperature of im miscibility can be raised by the addition of H2SO4 to 
stoicheiomelnc UOjSOj solutions •'* If the system is now designated m terms of the 
components, IJOj, SC),, and H^O, and sufficient HySO, is added to lower the molal 
ratio, /?|., below about 0 35, then the critical temperature (where L V) of L is 
reached before the appearance of a second-liquid phase This liquid phase may 
separate from the supercritical fluid (FI) at tern per.itures above the critical temperature, 
and the temperature is a multiple function of the composition of the system and the 
pressure 

The results of seveial runs on solutions containing UO,, SO,, and H^O which had 
values of /f, of less than 0 35 are shown in Fig 4 In some experiments not only were 
the pressure-temperature relationships of the equilibria, L, -H FI, established but also 
bubble points, where vapour is produced from liquid phase upon lowering the pressure 
on the system These bubble points thus correspond closely to the vapour-pressure 
curve which extends to the critical temperature and pressure for the particular compo- 
sition of the condensed system At higher temperatures the supercritical fluid exists 
from which, upon lowering its pressure, L^, appears 

The values, {dtldp)^, for pure H.O at the lowest pressure and temperature of 

W L Marshall, E V Jones, G M Hebert and F J Smith, J Inorg Nud Chem , 24, 995 
(1962) 
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350 I L i. I 

150 200 250 300 350 

PR£o3>0Rc (bors) 


Fig 4 -Etfcct of pre^^urc on the tcmperalurc of liquid -liquid immiscibilii) 
forsolutions of UOj, SO,, and D^O (R^ - mio, »Ko,) 
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observation of L, were used to draw the dashed lines in Fig 4 and are approximately 
the same magnitude as those of [dtjdp)^ for the P-l curve for Z .2 FI Therefore at 
temperatures near 400°. as was observed for the foimation of a second-liquid phase 
near 300', the boundary limit of liquid phase foimation from supercritical fluid 
appears to show a first older dependency on density of the solvent 

These visual observations further substantiated the high concentrations of UOg 
found picviously in superei iiieal SOfUX) fluids It appears that moderately low 
piessures (of the oidei ot d00-60(l bars) would extend the T P boundaries of liquid 
pha sc in contact with supercritical fluid to temperatures over 500'’ for aqueous fluids 
of at least 0 2 0 3 molal in UOj and I 0 molal in SO, 

I (ipour-inessuies n/ dc/ujiie'iceiue of solid IJtFSO, hydrate 

By making use of the visual method some vapour-pressures at which solid UO^SO^ 
hydrate deliquesced were determined The data of several runs are shown in Fig 5, 
and are believed to scatter because of the difficulty in observing the start of dissolution 
to form a liquid upon incieasmg the watei pressuie and the appearance of super- 
saturation upon decreasing the pressuie This curve desciibcs the pressure-tempera- 
ture relationships in .iccordance with which thiee phases, gas, liquid and solid arc in 
equilibrium, originating fiom the system UOiSO^ Hj,0 Flowevcr, the equilibiium 
compositions of the three phases may contain excesses or deficiencies of acid 

Note added in piooj By means of a new optical cell, recently developed at this 
Laboratory, the elTects of pressure on liquid -liquid imimscibihty m the system 
LJ 0 _>S 04 -HjO have been extended to 1700 bars at temperatures up to 400' 'The 
curves given in Fig 1 extend linearly to the highest pressure with an average revised 
value of the slope. Ar/Ap, of ! 0 075 /bar lor UO^SOj solutions from 0 28 to 4 53 
molal From F U Franl k’s estimates of the dielectric constants (D) ot water 
[Z pliys Chciii (Frankfurt) 8, 107 (1956)], the value, (dtjdp), at constant D1 {"Yd) at 
the L y point of tt^O is estimated to be i 0 075 ’/bar at 290’’ and I 0 0797bar at 
300"' thus liquid liquid immiscibilily appears to correlate well with a function of 
theoretical significance, the product of the dielectric constant of the solvent times the 
absolute temperature Details of the cell and cxpeiimcntal lesults arc to be published 
soon 
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THE SOLUBILITY OF INDIUM HYDROXIDE IN 
ACIDIC AND BASIC MEDIA AT 25“C 

L C A Thompson and R Paclr 

University of Toledo, Toledo 6, Ohio 

(Received 20 December 1962, in revised form 1 Febriiarv 196^) 

Abstract — The solubility of InCOH), was measured in NaOH and HClOi solutions Possible reactions 
of In(OH )3 in dilute NaOH and HClOi are indicated along with the calculated constants The result 
indicated conclusively that In(OH )3 is only slightly amphoteric, being much more basic than acidic 


Tiir amphoteric nature of indium hydroxide has been studied by other investigators 
from both a theoretical and an experimental approach A comparison of the results 
of these works shows no close agreement as to the extent of this property Sun'^’ used 
a formula which takes into consideration the atomic number, valence and principal 
quantum number and concluded that indium hydroxide was basic and not amphoteric 
Lut’"’ calculated the electronegativity of several elements and related it to amphoteric 
character Applying this to indium one again concludes that the oxide of indium is 
non amphoteric, functioning only as a base However, Ivanov-Emin*'^> made a study 
of scandium, gallium and indium to determine the amphoteric properties of the hy- 
drates of their oxides and found that allthreeexhibitcdamphotericproperties. Due m- 
MAN*'*' on the other hand, in a study of the system lnCI,-NaOH-H U did not observe 
the formation of soluble or insoluble indates Moiiiir'’^’ also did not observe the 
formation of indate solutions in his work KLtiNBtRcd*'* reported that In^Oj is 
primarily basic, being readily soluble in acids and slightly soluble m strongly alkaline 
solutions Ephraim*^* related the rcprecipitation of InfOHlj in excess strong base 
to a change in its colloidal nature upon standing in such a solution 

tXPERIMTN I AL 

Procediii e 

The general procedure is similar to that of Garrctt and Huks'"' 

Pi epanilioii of leage/ils 

Water High purity water was prepared by boiling deionized water and then stoiing under 
nitrogen 

Sodmm bydioMde Approximately I S molar solutions of base were prepared under nitrogen bv 
dissolving Baker and Adamson reagent pellets with boiled and cooled deionized water 1 he solutions 
were also prepared and standaidized with 0 1000 N HCI 

Pcrchloiic acid Approximately 0 3 molar solutions of acid were prepared Irom 72 per cent HCIO, 
Standard solutions were also prepared 


C Sun and S 1 1 , y Chinese Chcm Soc 7, 69-72 (1940) 

I Lui, y Chinese Chem Soc 9, 119-24 (1942) 

B Ivanov-Emin, Sbornik Nauch Troduv Moskov Inst Tsvetnoi Met i Zalota No 27, 7 22 
"'I- Diichman, F,.Akad Nauk SSSR /nsl Ohsh Nioi" Khim No 3, 73 86 (1957) 

"’T MomiR.y Amei Chem Sw 63,1026 7(1941) 

J Kleinbi ro, Iiioij^anic Chemistry, Heath, Boston (1960) 

F Ephraim, Iiioipamc Chcmisli y (6th Fd ) Interscience New York (1954) 

A Garrut and R Heiks, y 4mer Chem Soc 63, 562(1941) 
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fnilitiin ihloritle Anliydrous indium chloride from ihc Indium Corporation of America was used 
to prepare I M solutions Standaid indium solutions were also prepared and checked against standard 
EDfA 

I DIA Solutions of 0 0100 molar ethylene diamine tctraaeetie aeid were prepared by weighing 
1 722‘i g ol the haslman Kodak disodium salt Solutions of lesser concentrations weic prepared from 
aliquots of this stock solution 

litclidiloi An indicator solution ol 0 1 per cent strength was 
piepaied by elissoiving 10 mg of this indiealoi m 10 ml ol methanol 

A/( mill Clin lit of pH 

I he ic leiion flasks weic broken while enclosed in a tubber membrane and samples vveie with- 
diavMi using a hypodermic needle An Anilvlical Model 700 pH meter was used after standardiza- 
tion It pH 0 I or the basic scjies ol samples ,ind again at pH 4 for the acid senes of samples 

Ot n I iiiiiitiiittii of In’ ' 

CiiiNr. '' reported that indium eould be eletermincd volumetrieally with tD fA 1 ilration ol 
standard solutions ol Inf I, igainsi I DIA using l-(2-pyridylazo)-2-naphthol mdieatiir yielded good 
lesulls I he colour change is \eiy sh ii p going horn led to pure yellow 

rm: daia 

ihc solubility data ate' collected in Tables I and 2 The values for the activity 
coellicicnts tor NaOM and HCK), ate given by Rohinson and Stokis'^”’ 


I Mil 1 1 Sol 1 MM 1 1> 

Ol INtJU M IN 

HM)RO\IOE SOlUTIONS AT 25 C 


In(Oll),/ 




Initial 

1000 g 11,0 10‘ 




NaOH/lOO g 

111 si'lulion It 

A, It)' 

A, 10- 

A, 102 

H,(7 10-= 

Lquilibi lum 




(M) 

(M) 




0 76 

0 70 

9 2 

7 70 

77 0 

4 80 

5 70 

II 9 

1 68 

.30 6 

7 09 

6 75 

9 5 

0 86 

94 

6 46 

6 35 

9 8 

0 98 

12 1 

6 03 

5 65 

94 

1 01 

13 9 



Ace A, 

Ave A, 

A\e A , 



10 10 ■* 

24 10 ^ 

2 9 10 ' 




a 21 

n 2 5 




10-2 

io-‘ 


fAlllE 2 -SOHIBILIIY or INDR'M HVOROMOr IN PbRCHLORlC ACID SOUHIONS At 25 C 


Initial 

InfOHh/ 

1000 g 11,0 10 ’ 




HClO.ylOOO g 
H,() 10’" 

(M) 

in solution at 

1 quilibrium 
(M) 

A, 

A's 10 2 

A„ 10 ‘ 

1 07 

1 92 

1 79 

164 

164 0 

1 58 

2 07 

I 31 

8 0 

53 0 

5 89 

10 30 

1 75 

27 

4 1 

6 30 

9 45 

1 50 

2 1 

30 

7 07 

9 90 

1 40 

Ave A 4 1 6 

1 8 

22 


K Cheng, ztWv/ C/wii 27, No 10,1582-3 (1955) 

R Rohinson and R Stokes, 77 u/n fiiraday Sac 45, 612 24 (1949) 
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The equilibrium constants given arc for the following reactions 
In(OH)3(S) + OH - =- HglnOs' Hp 
ln(OH)3(S) ^ 20H -= HlnOj^' | 2H2O 
Jn(OH)3(S) f 30H = InOj^ T SHgO 


( 1 ) 

( 2 ) 

(3) 


In view of the constancy of when compared with A'„ and A j, it ts felt that Equation 
(1) represents the predominant reaction of In(OH), in basic solutions up to about 
0 07 molal 

A/,. 


^ll;liiOj- yil^InOa 
Afoii Ton- 

According to the Debye-Huckel limiting law, the activity coefficients for 1 I electro- 
lytes should be equal at equal ionic strengths, hence 


ind 


/II2I11O3 /Dll- /NiOH 


A\ - 10 10 » 

Mon 

A/jV- ATlnAi 4I00cal/mole. 

A' - ^^iinay yiiiiiOag 


“OU" 

From the Debye-Huckel limiting law, the activity coefficient of a 1 2 electrolyte may 
be replaced by the square of that for a I 1 electrolyte, hence 

A . ^^ni»o.-'- ^ yiiinOai- 24 10 - 

■ "011- 

In the same manner applying the Debye Huckcl law to a 1 3 electrolyte 

A| 2 9 10 ' 

'^ou 

I he equilibrium constant A'4 is for the following icaction and is evaluated as shown 
below 

ln(OH)i(.S) I H^ In(OH),' 11,0 ( 4 ) 


A'. 


a 


lri(()H) 


L 7|ii(DI1)2- 


as before 
and 


^7li^ r^ii 

}’ 111(011)2+ ++ Tin 104 


Af|ii(oii)a^ T'ln lo. 


= 280 cal/mole 

A,j and A'g were calculated for the following reactions 

In(OH)3 i 2H' In(OH)-' + 2Hp (5) 

ln(OH)3 4 3H' - ln*» 1 3Hp (6) 
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using the following expressions 

, ^^111(010- 7'ii( lo, 

A- — ; 

r/7i, 

and 

'*Aii' y'lKIO, 

— y* 

" TI< 

111 I, It w ol iliL tiLnd III A 5 tnd A,, .is noted in Table 2 no attempt was made to determine 
the extent to whieli the leaetions oeeiiricd However, from the constancy of it can 
be eoneliidcel that the preelominant leaetion talving place in acid media at the con- 
eentration-range studied is reaction (4) 

CONC LIJSION 

r lom the above data we e.in conclude that In(OH)j is much more soluble m acid 
than 111 base thus showing that it is more basic than acidie The reactions that arc 
most likely t.ikmg place in the eonecntiation ranges studied are for the basic cquilibi la, 

ln(OH),(S) ' OH HdnO,' ; HT) 

and for the .leidic equilibria 

ln(OH),(S) 1 H' ^ ln(()H)j H,0 

Ackno\\Udi;timiit The .uilhois gi.iletully wish (o .leknow ledge the* gift of the indium chloride used 
in this work fioni llic Indium C oipor.ition of Americ.i 
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SEPARATION OF RARE EARTHS BY MEANS OF 
SMALL COLUMNS OF KEL-F SUPPORTING 
DI(2-ETHYLHEXYL)ORTHOPHOSPHORIC ACID 

E Cfrrai and C 1 fsta 

Laboraton CISl Segratc (Milano)* 

(Receii'ccl 5 Noi'emhcr 1962, in reiiscJ foim 21 January 1963) 

\bstract — The tracer level separation ot larc earth elements has been aehieved by using a small 
column (3 mm id 140 mm height) of Kel-F powder (polytrichlorolluoroethylenc) loaded with 
di(2-cthylhe\yl)orthophosphoric acid (HDtHP) Suitable column preparation procedure has been 
determined by investigating the Eu-Tb separation Ihe column was oper.itcd at 85 i 1 C and 
elution was carried out with a solution of hydrochloric acid having the proper concentration 
t or the lesolution of mixtures containing more than two lanthanide elements the gradient elution 
method was used 

Ihc following separations are reported Eu-Tb, Eu-Gd-Tb-Sm, La-Cc-Pr-Nd-Pm-Sm-Eu, 
E i-Pr-Sm-Eu-Gd- fb-Dy-Ho-Er-T m-Yb-Lu, Tb-Yb 

RrvrRSfO phase partition chromatography has received attention for the separation 
of rare earths on columns supporting phosphate esters such as tri-n-butylphosphate‘‘ 
and di(2-cthylhexyl)orthophosphonc acid*-*-** In fact, liquid-liquid extraction of 
rare earths by means of such organic substances presents an average separation 
factor for a pair of adjacent lanthanides of about 2 0 in the case of TBP'*’ and of 
2 5 in that of HDEHP 

Besides simple paper sheets used for reversed phase chromatography of rare 
earth elements,'”’ many different porous materials have been used to support the 
organic phase in column techniques They are cellulose powder."’"’ kieselghur.” 
alumina or polystyrene divmylben/ene''’''*’ and poly(vinylchloride-vinyldcetdte) '’■®’ 
Since polytrifluorochloroethylenc (Kel-F) had been shown to be a very suitable 
support”- for various organic substances, we investigated its applicability to the 
tracer level separation of the whole rare-earth group by means of a small column 
containing HDEHP Each individual rare earth element was obtained m a fraction of 
cliiate having a volume smaller than 1 ml 

* Address CISE Easella Postale 3986 Milano 1 1 ALY 

"’S SiTKiFRSKi and T Fiorcis, / Chromalm;r 4,60(1960) 

-’I FioriisandS Siikiirski, 9 Chomaloi^r 5,161(1961) 

■>' J W WiNCHFsiiR, ORNL-CF-58 12-43 (1958) 

'^'J W WINCHESTFR OR.NL CF-60-3 158(1960) 

r B PiFRCL and P E Pfck Natine, LmiuI 194, 84(1962) 

E Cl RRAI, C Tfsi a and C Tuioi Zl, Enciyiu Niidcaie (Milan) 9, 193 (1962) 

E Cerrai, C Testa and C Triul/i, F/icrijia Am /coic (Milan) 9, 377 ( 1962) 

""I B PiFRcr .md P F Peck, Nature Loini 195, 596(1962) 

"" I) F Pti'PARD, W J Driscoi I , R J SiRoNFN and S McCartv.V fnor" yurl CInin 4, 326 
(1957) 

D F PhPi'ARD, W J Driscoli , R J SiRONi N and S McCarty, 7 Inoiy Nad Chem 4, 334 
(1957) 

E Cerrai and C Tlsia, 7 Chromatoyt 8, 232(1962) 

""’A G Hamlin, B J Roberis, W LoiriHI in and S G Waircr AiuiIm Client 3.3, 1547 (1961) 
E Cfrrai and C Tisfa, 7 Chiomaloi;i 9,216(1962) 
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EXPERIMENT AL 

Reof^c 11 / 1 and equipment 

Oi(2-cthylhc\yl )orthophosphoi ic acid, the compositum ol which is (CH, — (CHjla — CH - 
(C .Hj) C H.(l),, POOH, had been supplied hy Soc Eigenmaiin and Veronclli (Milano), and Kel-F 
low density powder, grade 100, by Minnesota .S p A (Milano) Before use, Kcl-F was ground in a 
labor, dory mill and sieved to 170-2TO mesh 

Niduial rue earths were obtained from Lights (London England) and Eluka (Buchs SO 
Swit/trland) A lew milligrams ol each element in a group of eleven rare earths wercscaledindillerent 



Eio 1 -Diagiammatie sketch sif the app.iratus used for column scp.iralion of rare earth 
elements A jacketed column kept at a constant temperature li lower container of 
the gradient elution system, H' higher eont.iiner of the gradient elution system, 

C and O' mercury containing bulbs , D paper disk, E rotating fr.ielion collector, 
r photocell device for elution control. O’ warm air blower 

quartz ampoules and irradiated for about a week in the core of the Avogadro I swimming pool le- 
.tetor ofSORlN(Saluggia) An integrated neutron flux (thermal) was reached of about 8 10'* n/cm' 
After irradiation, the lollowing radionuclides were obtained and used for the separation experiments 
at a tracer level (40hr)"“Ld, (32 5 day)'**Ce, (33 hrl'^’Cc, (19 hr)'''"Pr, (13 8 day)‘"Pr, (11 3 
day)'*'Nd, (27 hr)'>'Pm*, (47 hrl'^Sm, (2 42 hr)'* ’Dy, (27 3 hr)'"'’Ho, (9 4 ddy)"'»Er, (7 5 hr)"'Er, 
(31 8day)*"'Yb, (4 2 day)'’''Yb, (3 75 hr)'’*Lu, (6 7 day)'”Lu To complete the rare earth group, 
"’■""''Eu, '''*Gd, '“"T b and ”"Tm were obtained Irom the Radiochemical Centre (Amersham, 
England) 

All the other reagents were analytical grade 

The electronic automatic fraction collector Pans-Labo (Paris-F ranee) type TEC was used 

A diagram of the apparatus used for elution and fraction collection is shown in Fig 1 The Pyrex 
column A (3 mm i d ) was fitted with a glass jacket into which a constant temperature water (±1'C) 
flow was circulated from a laboratory water-bath Containers B and B' form the gradient elution 

• From the parent (15 min) ''"Nd 
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system and mercury bulbs C and C' the pressurizing device A large paper disc D, cut away from a 
Whatman no 3 sheet, and previously spread with an alcoholic solution of xylcnol orange, was fixed 
onto the rotating plate of the fraction collector E Every drop (about 0 012 ml) of eluate which passed 
through the photocell device f made the plate switch to the nearest position In this way, up to about 
200 drops could be separately collected on a paper disk Drops were dried during operation with a 
warm air flow from the electrical blower 6 

Since the eluate was acidic because of the presence of HCl in the eluent, the positions of drops 
on the paper disc were clearly revealed by an orange spot due to the reaction of xylcnol orange which 
had been previously fixed to the paper When a disc was complete, paper was removed from the 
rotating plate, and spots were covered with a slip of a 5 cm wide “Scotch” adhesive tape applied on 
both sides ot the paper Spots were numbered and cut away from the disc Each portion, which was 
formed by a spot within a “Scotch” tape sandwich, was ^'-counted with a 1 1 J in ISaKTI) scintil- 

lation crystal mounted on a photomultiplier tube and fitted with the pertinent electronic equipment 
The various i adionuclides were identified by y-spectroscopy that was carried out on spots corresponding 
to elution peaks fjamma spectroscopy was performed by means of the above mentioned scintillation 
system, completed with a 256-channcl magnetic-memory pulse-height analyser (CISF type D 2100) 
luted with an automatic IBM printing machine 

EJJci! of the preparation procedure on (ohiinii leparation oyEu-Tb 

Before studying the separation of a group of rare earth elements, the effect of the preparation 
procedure on the column performance was investigated Eu and Tb were selected as two intermediate 
weight rare earths and the following general proceduic was used a weighed amount of 170-230 
mesh Kel-F powder (0 8 g) was mixed in a small beaker to 0 6 ml of an organic solution of HDbHP 
After accurate stirring, 20 ml ot I 5 M HCl were added and the mixture was allowed to digest 
bloating paiticles were removed Ironi the liquid surface, and the material was transferred into the 
3 mm 1 d column by using a thin glass rod 1 he bed was then gently pressed to eliminate air bubbles 
and a 140 mm height resulted 1 he column was conditioned with 15 to 20 ml of 1 5 M HCl, and then 
0 02 ml of 1 5 M HCl containing hu and Tb were ted onto the bed Thereafter elution was started 
with 0 05 ml/min (four drops/min) of 1 5 M HCl at room temperature (22 1, 1 C) Single drops were 
collected duting elution as described above and afterwaid counted in groups of three Peak and 
valley for each element were determined by separately measuring each drop 

Five slightly dillercnt preparations have been consideicd 

(a) Kcl-F powder and undiluted HDFHP were directly mixed and stirred Then the column was 
picparcd as described above 1 his column has a high capacity but the two peaks appear rather large 
and llattcned An eluate volume of 800 drops was required, Eu having the maximum at 70 and Tb 
at 410 

(b) Kel-F powder was mixed to a solution ol HDEHE’/cyclohcxane (1 /2 vol) and column prepared 
With an eluate volume of 400 drops peaks appeared narrower than in case (a), Fu and Fb maxima 
were 60 and 190 respectively 

(c) Kel-F powder was mixed to a solution of HDEHP/chlorolorm (1/2 vol) After intimate 
mixing chloroform was removed by heating at “iO C lor I hr Results were very similar to those 
of case (b) 

(d) Kel-F powder was mixed to a solution of HDEHP/cyclohcxane (1/7 5 vol) The peaks 
were very narrow and both in about 200 drops of eluate, Eu and Tb maxima occurred at 60 and 95 
respectively 

(e) Kel-F was mixed to a solution of HDEHP/chloroform (1/7 5 vol) The solvent was elimi- 
nated by heating at 50 C for 1 hr Peaks appealed very narrow (at 60 and 1 10 respectively) and 
a higher peak to valley ratio was obtained 

As repeatedly verified in our laboratory with several column experiments and in a systematic 
study’”’ on the paper chromatography of rare earth elements on strips treated with HDFHP and 
eluted with HCl, the position of the elution peak for a given element, beyond the interstitial volume 
of the column, (or Rt value m paper chromatography) is a function of the acidity of the eluting phase 
f he lower the acidity’the more delayed the peak or lower the f?r Furthermore, under fixed conditions 
the higher the atomic number of the element the more delayed the peak (lower Ri) In fact the same 
trend was shown by the Eu-Tb pair when the column prepared as in (e) was eluted with 1 M HCl 
instead oft 5 M, peaks appeared delayed and more apart, t c at 95 and 390 respectively 
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On the basis of the results described above, it was decided to use the standard column with the 
preparation (c) tor the separation of many rare earths from one another 

SlPARAllON OF RARE F.ARIHS 

Some preliminary experiments were earned out ttn rare earth groups which were 
known to present some ciifTicultics Amongst them the group formed by Sm-Eu- 
Gd Tb will be briefly considered lierc It was realized at once that the favourable 
effect of temperature on tlic separation of adjacent pairs'"’ had to be exploited to 
get satisfactory results In addition, the use of a constant acidity eluent did not 
allow a complete separation mtiinly of the closest pair Eii Gd, which normally m 
MDEHP columns exhibits a separation factor substantially lower than the average 
value ( I f'5 vs 2 50) 



of ,i solution containing the elements ,Tt a tracer level Gradient elution with HCl, 
the molarity is quoted in the plot Flow'-ratc 0 025 ml/min (2 drops/min) 


The separation of the four components succeeded in 5^ hr by operating with a 
gradient elution at 2 drops/mm and at 85 i PC, the feed solution being 0 02 ml m 
volume and 0 4M m HCl The gradient elution was carried out by means of the two 
containers B and B' of Fig 1 The lower container B was hlled with 15 ml of 0 4 M 
HCl and B' with 1 2M HCl Each drop of eluatc that left the column was compensated 
by a drop that passed from B' to B Owing to the strong convective mixing of liquid 
m fi, due to the temperature gradient, the effect of each 1 2M HCl drop was to increase 
immediately the concentration of the acid Therefore an eluent having a gradually 
increasing concentration of HCl flowed through the column 

Since obviously the gradient elution method is very useful when several components 
have to be separated, it was used by us in all the separations of more than two 
lanthanides which are described in the following 
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The scries of the first seven rare earth elements (La-Ce-Pr-Nd-Pm-Sm-Eu) 
was then considered and separation carried out with the same technique described 
above The feed solution (0 02 ml) was prepared in 0 1 M hydrochloric acid After 
adsorption on the column, gradient elution was started with 0 1 M HCl (15 ml) in 
the lower cont. liner B and 1 2 M HCl in B' at a flow-rate of 2 drops/mm The column 
was kept at H5 I'C The elution plot is shown in Fig 2 The separation obtained 
IS satisfactory except loi sonic overlap of Pr and Nd peaks Such an overlap has 
been recorded also by other authors The time requiicd for the whole separation 
was 5] hr with a total volume of eluate of 10 ml Pach component was contained in 
.1 total volume of I ml or less 

1 he best operating conditions were established for the separation of the complete 
group of the larc earth elements Amongst the lighter elements of the group only 
I a, Pr, Sm and Lu weie considered, since the group of the first seven lanthanides 
had been already resolved (see 1 ig 2) All the remaining rare earths from Gd to Lu 
weie considered A 0 1 M HCl solution containing the twelve components (La-Pr 
Sm } u Gd lb Dy Ho hr Pm Yb-l.u) was prepared and a volume of 0 04 ml 
fed onto the column Gradient elution at 4 X drops/min was earned out at 85 ( l"C 
The initial acidity conditions in the gradient elution device were 15 ml ofO 1 M HCl 
in B and I 5 M HCl in B' After the break-through of Gd the I 5 M HCl in B' was 
replaced with 4 M HCl After the erbium breakthrough the acid was again replaced 
with 12 M HCl In this way the whole separation was obtained in about 6^ hr As 
shown in Eig 3 the separation of the twelve components is satisfactory and only 
three pairs arc slightly less resolved In fact a small overlap occurs for Eu-Gd, for Dy 
Ho andYb- Lu In the right hand portion of the plot in Fig 3 Tm and Yb appear suffi- 
ciently apart Incidentally it should be noted that in a separate experiment on this pair 
alone the separation of Tm-Tb was achieved simply by eluting with 3 5 M HCl 

We conclude that small chromatographic columns based on KeLF powder 
supporting are capable of separating practically each of the components of the rare 
earth element family Since the lowest possible molarity ol HCl for the elution of 
a lanthanide clement is higher the higher the atomic number of the element, a gradient 
elution with hydrochloric acid from 0 I M to 5 M resulted in the satisfactory resolution 
for all the rare earth elements at a tracer level 



J Inorg Nucl Chem , 1963> Vol 25. pp 1051 to 1063 Pergamon Press ltd Printed m Northern Ireland 


SOME ASPECTS OF SYNERGISM IN SOLVENT 
EXTRACTION— II* 

SOME DI-, TRI- AND TETRAVALENT METAL IONS 

M ZangenI 


{Received 10 July 1962, in retiied form 4 September 1962) 

Abstract — Synergistic extraction of tnvalcnt lanthanides and actinides, alkaline earths and thorium 
from hydrochloric solutions was studied, using a combination of a monoacidic phosphate or phos- 
phonate ester (the chelating agent) with a neutral organophosphorus compound (the synergist) at 
varying concentrations in cyclohexane 

Of the above, only lanthanides with Z ■ 64 and Ba failed to show any synergistic phenomena 
In general, the synergism was much less pronounced than in the case of U(V1) 

The basic dilTerence between synergism for U(VI) and for other ions is pointed out, formulae are 
proposed for the extracted species and the values of some equilibrium constants are derived 

In a previous article'" an attempt was made to determine the mechanism for syner- 
gistic extraction of U(VI) from acidic aqueous solutions into an organic phase 
consisting of a nonpolar diluent (benzene or cyclohexane) a monoacidic phosphate 
or phosphonate ester serving as chelating agent and a neutral organophosphorus 
compound (phosphonate or phosphine oxide) serving as synergist This work is an 
attempt to study the extraction of other metal ions in a similar system 

Although Bals ct al m their first report on synergism, disclaim the existence of 
this effect for almost any metal ion except U(V1), Hcaly,''*’ and Irving and Edging- 
ion* have shown it to exist for the system TTA- neutral organophosphorus com- 
pound The increases in distribution ratio D reported by these authors are too high to 
be explained in terms of change in the dielectric constant, m analogy with the work of 
Gobi r and Maddock **’ The more so, since the distribution ratio is found to be 
higher m diluents of lower dielectric constant **'* 

Since solvent extraction research is more and more using radioactive tracer 
techniques to determine the distribution ratio, the probability is increased that a 
solvent, even of high purity, will contain some other compound m amounts comparable 
to the extracted metal ion If this compound can take part m a mixed complex of the 

* Based on woi k performed under the auspices of the U S Atomic Tnergy Commission 
t Israel Atomic Energy Commission Laboratories, Rchosot Israel at the time of this work 
AHiliate of the International Institute of Nuclear Science and Engineering, Argonne National 
Laboratory, Argonne, Illinois 

M Zanc.in, Part I, / Iiioip bind Chem 25, 581 (!96t) 

C A Bl AK.L, C r Bals Jr, K B Brown, C F CoiiMANand I C Wuiir The PiotccJiti"'^ of 
the Second Inleinational Con/eiciice on the Peaceful I'ses of Atomic Lneoy] Ctiiiia (I9S8) 
15/P/1550 United Nations (1958) 

"" T V HlAlY, y'//;o/g Nucl Chem 19.114(1961) 

H Irving and D D EoGiNCiioN.y fnoi^ Nucl Chem 21. 169 (1961) 

A Cj OoHLt and A G Maoixh k, Tiaiv, Faiaday Soc 55 591 (1959) 

T V Hpaly, y Inurp Nucl Chem 19,328 (1961) 
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extracted ion, a synergistic eflect may result which, unless detected and understood, 
would make the expcnrrcntal data useless hor this reason it is felt that any new 
knowledge on synergism may contribute to the study of solvent extraction in general 

1 XF»rRIMENTAL 

SoLirsc and mode of puiiliLalion of ihc neulr.il synergists TOPO trioctylphosphine oxide, 
DH[BP1 dibutyl butvl]ihosphonalc and DI fl[l IIP] di(2-clhylhcxyl) 2-clhylhexylphosphonale 
were given m the prevediiig ailiele' 

[be aeidie chelating agents used in this work were MDOi/P di[para(l,l,3,S-tctranicthylbutyl)- 
phenyllphospboiie aeid IIDI IIP elit2-ethylhe\yl)phosphorie aeid, both as specified before,"’ 



Pic. I - Extraction of 


from 0 3 N HCi by 3 ' lO ” F HDO^P in 

cyclohexane 
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and HnOIfP) =• n-octyl, hydrogen phcnylphosplionaie, obtained and punhed according to the 
method of Pii'PARD ct al 

The radioactive tracers used ^’’Ca(/< , 164 day), ’““Ba(hC 9 5 year) ’'"La(,,i 40 hr) Fu(/) , 

13 year) t '“hul/l , 16 year). 73 day), '■'’Tiii(/< , 129 day) '"Lut,-' , 6 8 day) ”»Th(a, 

8 10’ year), 470 year) and ■"‘Cm(a, 18 year) were obtained cithci from Argonne National 

Laboratory stocks or from the Isotope Division ol Oak Ridge National laboratory and purified by 
solvent extraction methods 

Determination of the distiibution ratios was done radiometrically, as reported by Ppppard el al 

RESULTS 

(a) Extraction o/ La(Ill), Eu(lll), Tm(IlI), Lu(ni), Am(ni) and Cm(lII) /rom 
0 3 A^HCl by 0 003 /<’HDO(/'P 4- varymy concentiations oj DB[BP] in cidohexane 

D F Peppard, J R Ferraro and G W Mason. 7 htory Nial Cheni 12.60(1959) 

'”D F Peppard, G W Mason, J L MAiERandW J DRiscouL.y Inoiy \ucl Chem 4.334(1957) 
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I \/ lb"*' ( 

l ie, 1 r xlraelion ol ( ^^^3, ) Irom 0 3 N HCl by 3 

I/; Am’’) 


10 ' r HDO'/P m 
cyclohexane 


Results are shown in Fig 1 At 0 002 M DBfBP], a maximum increase m D was 
found for La, Eu. Am and Cm, by factois of ~3 5, ~2 5, ~4 and respectively 
No synergistic ellcct was found for Tm and Lu The .slope of the antisyncrgistic 
(decreasing) pait of the D vs [DB[BF’]] plot (log log scale) was appromixatcly —2 for 
La, Eu, Am and Cm, and near —3 for Tm and Lii 

(b) Extraction oj Eu(lII) and Am(III)yro/M 03 W HCl by 0-01 F HDOt^P T 
1 arvmg com entrations of DB[BP] m cyclohexane Fig 2 shows a maximum increase in 
Z) at 6 004 M DB[BP] for both Eu and Am, by factors of ~4 and ~6 respectively 
The antisynergistic slope is again -2 for both metals 

(c) Extraction of Eu(in), Tb(III), Lu(III) and Am(IIl) from Q2> N HCl by 0 003 F 
HDOy P I larying concentiatiom e^TOPO in cyclohexane Fig 3 shows a maximum 
increase m D at 0 001 M TOPO for both Eu and Am, the factors being ~3 5 and ~5 
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Flo 4 —Extraction of I from HCI by Fio 5 - Extraction of j j from HCl by 

3 10 ■‘E HDOyP f 3 10 ^ M DB[BP] in 3 10'FHDO7P 0 3 M DB[BP] in 

cyclohexane cyclohexane 


respectively No synergism was found for Tb and Lu The antisynergislic slope is 
- 2 for Eu and Am, —3 for Tb and Lu 

(d) Extrmtwn oj Eu(Ill) and AmfUI) by 0 003 F HDOyP -{- 0 003 M DB[BP] 
m cyclohexane from larying concentrations oJ HCI Fig 4 shows an inverse third 
power dependency of D on [HCI] 

(e) Extraction oJ Eu(Ill) and Am(lll) by 0 003 F HDO7P -|- 0 3 M DB[BP] in 
cyclohexane from larying concentrations of \\Q\ Fig 5 shows the dependency of D on 
[HCI] to vary gradually from inverse third to inverse first power 

(f) Extraction n/ Ca(I I ) from 0 0 1 A HCI Av 0 0 1 f H DO7 P t ' mg concentra- 
tions 0/ DEH[EHP] tn benzene or CYcloliexxnc and by 0 01 E HDO7P -{- larying 
concentrations of TOPO in cyclohexane Results are shown in Fig 6 In benzene, a 
maximum increase m D by a factor of ~2 was found for 0 01 M DEH[EHP] In 
cyclohexane, maxima were found for 0 008 M TOPO and 0 02 M DEH[EHP], the 
factors being ~7, and ■ — respectively 

(g) Extraction of Ca{l\) by OQl E\\nO[yP] 3 t arvmg t'orKc/Urnriomt 0/ DEH[EHP] 
and of Ba(II) Ay 0 01 F HDOy^P 1 tarying concentrations of DEH[EHP], both in 
cyclohexane, from 0 01 A HCI No synergism was found, as shown by Fig 7 





[dLH [fHPl| [toPoJ - 

I Hi ('I - 1 Miaclion ol Ca- lu>in 0 01 N 1 1C I by 10 “ I- HDOi/ P 

{ ’ roPO in cyclohexane 
/ [)m[l HP) in cyclohexane 
D1 H[niP] in hcn/enc 



Pk, 7 - extraction of ! from 0 01 N HCI by 10 ^ P HnO[ 7 P] in cyclohexane 

I Ba-+ from 0 01 N HCI by 10 ' F HDOi/P in cyclohexane 
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(h) Extraction oj Ca(II) from N HCl bv 0 01 I HDO7P 
(onceniiations of DEH[EHP] 01 TOPO in cyclohexane Fig 8 shows a maximum 
increase of £) by a factor of ~2 for 0 004 M TOPO and 0 006 M DEH[EHP] 

(1) Extraction oJ'Y\\(\'\)hyQ{i\ FHDEHP 1- larymg concentrations of E>E.W\EV{V\ 
01 TOPO in cyclohexane from 0 3 N HCl Figure 9 shows a slight synergistic effect 
(increase of D by a factor of ~1 5) with maxima at 0 0001 M TOPO and 0 0002 M 
DEH[EHP] The antisynergistic slope is approximately 2 

DISCUSSION 

In the work on U(Vr), the distribution ratios observed with the various chelating 
agents in the abence of synergist (at similar HCl and chelating agent concentrations) 
v.iried over a maximum factor of 40 (from /)|| Kij[i.aii>| to ^iiniri imi'i) For all other 
metal ions investigated, however, the spread of distribution ratios for various chelating 
agents includes several powcis of 10 As an example, -£)|| is 10’’ for 
Am(lll)'‘'> and 10' foi Th(lV) O") Since, for the sake of accuracy, experiments should 
be limited to systems where 0 001 • D ' 1000, it was therefore mostly impossible m 
this study to compare different chelating agents for the same metal ion Of course, 
diflcrcnt concentrations of chelating agent and/or of HCl could be used m order to 
obtain suitable values of A but then the comparison would become meaningless 
This woi k was therefore, with the exception of Ca, limited to the study of one chelating 
agent per metal ion 

Whenever D is so highly dependent on the nature of the chelating agent, the 
better extractants invariably appeal to be these chelating agents which, from their 
structure, arc expected to be the most acidic This points to the extraction mechanism 
being simply an exchange of hydrogen 10ns and 10ns of the extracted metal without 
the additional formation of HXH ' as for U(VI) (where X represents 

O GO O 

(GO) P or P 
■ \ 

O G' O 

and G, G' any hydrocarbon radical) It may be assumed that, weie it not for the 
foimation of the ion HXH', which tends to favour extraction with the less acidic 
chelating agent, U(V1) would show a spread m values of D similar to that of othei 
metal ions 

If a complex including HXH is ruled out and taking into account the dimer 
slate of the chelating agent,*’’’ the third power dependency of D on the concentration 
of chelating agent [(HX)o] for all tiivalent lanthanides and actinides**” can only be 
explained by the cooidination of monoioni/cd dimeis HX,' (bidentate) It therefore 
appears likely that, unlike for U(Vi), the mechanism pioposed bv Bxls et at 

D h Plpparo, G W Mason, W i DRiscoLcandR J Sironin J Inoie ’Xml Clicni 7.276 
(1958) 

"" D F Peppard, G W Mason and S McCahiy, 7 /aoiy \iul ( lieiii 13.118(19(50) 

'"’J Kennedy and A M Deane, / Inoi" Niicl Client 19,142 (1961) 

D F Peppard J R FiRRARoandG W Mason,/ Inor" IX'ucI Ctieiii 7.211(1958) 

C F Bafs Jr , R A ZinciARO and C F Coleman, / Phi\ Chein 62, 129 (19S8) 
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(mechanism B in the preceding paper) fully represents the exti action of tnvalent 
lanthanides and actinides 


M" 


m(HX), ^ M 


mH ' 


(in this case m 3) This is the only model compatible with the generally assumed 
co-ordination number si\ for all lanthanides However, Fig 1 and 3 show a total 
dilTcrcncc m behaviour between lanthanides belonging to the first half of the group 
(La, Lu) and actinides on one hand, and lanthanides belonging to the second half 
(3 b, Tm, I Li) on the other This should be seen in correlation with the non-monotonic 
variation of D withy, found in solvent extraction of lanthanides*^^’ and the half-filled 
shell hypothesis It is therefore suggested that 

(1) lanthanides witli / " 64 (also actinides) have a maximum co-ordination 
number of eight while those with Z 64 have only the co-ordination number six 

(2) For the hitter, the extracted species is 


M 


X 

X 



' 3 


as represented above, no synergism is possible here 

(3) Where the maximum co-oidination number is eight, the extracted species m 
the absence of syneigist is 

/ X , 




X 


3 


where n 


1 or 2, and in the case of synergistic extraction 





where R — synergist No complex containing 2 R is suggested, since m that case a 
stronger increase in D (theoretically, a slope of [ 2 on a log-log plot) with increasing 
synergist concentration should be expected 

As in the case of U(V1), the antisyncrgisin is due to the formation of a complex 
between R and (HX)2 

Using the methods developed in the preceding paper,'” we obtain 
(a) for lanthanides with Z _ - 64 


-i 3(HX)2,„--- M(HX2),,„ + 
(HX)2 ( R (HX),R 


(14) D F Peppard, W J Driscoi 1 , R J Sironen and S McCarty, / /iio/e Miic/ Chern 4,326 
(1957) 

n'lH Bommer, Z Anorg Chem 241, 273 (1939) 
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With 






A' 


D 


[H 




and 


[(HXU;. 

A' [(HX),R]' 


n 


tRJ' 


( 0 - 1 ) 

[(HX),R] 
“ [(HX),][R] 

(0-5) 


( 0 - 2 ). 


At tlic limit (it high synergist eoiKentiation, wIktc [R] can be identified with [Riotai] 
and [(HX)^]R with [(HX)^,^,, ,, ] constant, tlie plot of D vs [R,„, ,|| on a log-log 
scale should show .i 1 slope, as observed 

(b) for lanthaiiKles with Z 64 and tiivalent actinides 


(/>!) 


M ’ ' 

1 3(HX),, 

,r 

MlHXd^R,., i 

^H(,/ ( 

with 


6'm 

[M(HX,),R],„ 

in'];,. 


lM”],„[(HX),j 

I,!r fK]<ir 

or 

A' 

Xm 

D 

(6-r 

[II U, 

[(IIX).],!, [R].,r 


[(HX),,.„a] ((HX), 

and [Rtctii] 

hiom (A- 1') and (A-2), 


(A-2) (fl-2). 

[{HX),R] I 3[M(HX,),R] (/>3) 

(6-4) 


[Rlor I [(HX),R] ' [M(HX,),R] 
X' [(HX,R)* 


D 




[R]^ 


(6-5), 


which explains the obseived antisynergistic slope of 2 Neglecting the last term m 
(6-3) and (6-4), eliminating all terms iclalmg to species of R between the equations 
and maximi/ing D -= /(f(HX)^],>r) obtained m this way, the following expressions are 
derived 

[(HX)2](,i max ^ J [( H X)j I oi il] 


[Rtolal] 


rn i\ 


U(HX), total] 


I 

2K 


D 


max 


4A" 


[(HX), totuP 


where the subscript (max) refers to the values at ^ maximum 

The follow ing values are now found for the system HDOy P DB[BP] K ~ 600, 
m good agreement with the result obtained before /ft / ~ 1 10’^, Afij.,,' ~ 4 x 

10”, 1 10”, ~ 6 ^ 10'“ For the system HDO(;rP-TOPO, X IS too 

high to be determined by this method, hence the values of X' could not be derived 
In order to establish whether any species is extracted in which HXa" is replaced by 
Cl , as would happen in extraction by the synergist alone, the dependency of and 
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D^m [HCl]aq was determiricd for concentrations of chelating agent and synergist 
corresponding to the top and the bottom of the antisynergistic slope In the first case, 
the inverse third power dependency shows the absence of any participation by Cl~ in 
the extracted species At high concentrations of synergist, however, increased HO 
concentiation causes an increased participation of the “neutral extraction mechanism” 
Extraction of alkaline earth metals by monoacidic phosphate or phosphonate 
esters has been shown”®’ to be possible according to two mechanisms 

(a) , in which D is proportional to [(HX),]^ 

(b) , m which D is proportional to 

laking into account the maximum co-ordination number six and the inverse second 
power dependency of D on aqueous acidity, and ruling out any complex involving 
H X H ' (sec above), the only satisfying structures for the extracted species appear to be 


i 

1 \'i 

1 



1 "A 

(a) 1 

r X 1 

M 2HX 

and 

(b) 1 

1 x'/ 


Exti action mechanism (b) is found to take place with bulky, acidic chelating agents 
like HDOyP in the cxti action of Ca and Sr, while mechanism (a) prevails with 
smaller, less acidic chelating agents like HDEHP and Hn()[9 P], and in the extraction 
of Ba for all chelating agents If, by analogy with the lanthanides, synergism is 
expected to occur only where R can replace H,() in the extracted species, then the 
extraction of species with (b) structures should show an increase in D on addition of a 
syncigist, while synergism should be impossible for systems involving only (a) struc- 
tuics These predictions were completely borne out by experimental results 

Applying again the method of calculation used for the extraction of U(V1)”’ and 
tiivalent rare eaiths, the following equations are obtained foi case (b) 

Mil I '(HX)jor^ Ror M(HX,).HXR<,r-l2H,„'- 

[M(HX,,),HX R]or[H'K„ ^ A'm D 

[M^']„„[(HX,]:;(- [R]qr [H -n, " [(HX)j,:;MR]or 


[(HX),R] 


[(HX),][R] 


- as above hence D 


k' [(HX),R)^''- 


and therefore, at high synergist concentrations, an antisynergistic slope of — 1 5 

should be observed 

Further, 

[(HX), [(HX),]„r f [(HX),R] 1- ::[M(HX,), HX R] 

{Rioui]--[R] I [(HX),R] [ [M(HX,),HXR] 


D ^ Pii’PAKD G W Mason S McCarty and C D Johnson J Iiioi" WiicI Chem 24, J2I 
(1962) 
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M Zangen 


and by the “maximum method” 

[(Hxy„nx 


[Rti)1il]nnx 


3K 




6v/(3)A' 


25v/(5)A 


V [(HX), 


toll!! 


15/2 


By examination of the results obtained in the extraction of Ca from 0 3 N HCl, it is 
found that 

(1) the antisynergistic slope is in agreement with the predieted value 

(2) Ill ii[|, |||.] ^33(1, in fair agreement with the value of ~400 found in 
exti.iction of IJ(VI) 

(3) roi the system HDOyP DEH[ElfP]. 10'> 

(4) As 111 the extiaclion of IJ(VI) and trivalent rare earths. K for the system 
HDO</ P -TOPO, and hence A " cannot be ca/cii/atcd 

Several facts, how'ever, remain unexplained 

(1) Neithci the antisynergistic slope, nor the value of [Rtoiujmax agree with the 
predicted \alues foi the extraction ot Ca by HDOiy'P fiom 0 01 N HCl (The latter 
aqueous acidity was used because it provided a suitable range of distribution ratios 
for both Ca and Ba ) 

(2) The antisyncigistic slope for extiactions following mechanism (a) (Ca HnO 
[f/ P], Ba-HDO'/P) falls shoit of the expected -3 

(3) The syneigistic elfcet appears to be much stronger at low aqueous acidity 

The extraction by HDrilP of 7h(IV) from HCl solutions of the order of 0 3 N 

h.is been shown* to proceed either via the species 



(with inverse fouith power dependency ot D on [H '],„|) or via the species 


or possibly 


H 



ThCI , 


a 



j ThCI H,0 


(showing an inverse third power dependency of D on[H']i„) In view of the results 
for alkaline earths and triv.ilent rare earths, it seems likely that synergism will occur 
only in the latter case, where R can replace H^O 

Since the extracted complex Th(HX 2 )jClR is, but for the chloride ion, similar to 
the species obtained by synergistic extraction of trivalent rare earths, similar results 
with respect to antisynergistic slope and values at D - maximum should be obtained 
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in both cases While this was found to be true for the slope (—2), the low [Rtouijmax 
obtained is in complete disagreement with calculations, since it is expected to exceed 
1[(HX), . total] It may be argued, however, that for a synergistic effect as small as 
shown by Th, the assumption that the extent of extraction not involving synergist is 
negligible with respect to the synergistic extraction is no longer true In that case the 
“maximum method” cannot be applied for Th 

As a final argument for the fundamental difference between synergism in the 
extraction of U(V1) and of other metal ions, the synergistic performance of the 
phosphonates DEH[EHP] and DB[BP] should be compared to that of TOPO For 
IJ(Vl), where synergistic extraction involves the formation of the ion HR^ or HXHR‘. 
the values obtained with the much moie basic TOPO are at least ten times 

higher than with DB[BP] The fact that Dmix for TOPO exceeds Dmax for the 
phosphonate synergists only by a factor of 1 5 at most in the extraction of rare earths 
Ca and Th makes it likely that the synergist here performs some other function than 
complexing a hydrogen ion 

Ackiiou'lcili^eniciil -The author wishes to thank, the International Atomic f nergy Agency. Vienna 
anti the Israel Atomic Energy Commission, for grants which made this woik at Argonne National 
Laboratory possible, D F Pn'PAROandG W Mason, Argonne National Laboratory for suggesting 
the problem, supplying the chelating agents, synergists and piiriticd liacers, and offering lurthcr 
v.iluabic help and encouragement in the course of this work, and T V Hfai v, for helpful discussion 
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Reaction of sodium Il-cyclopentadienyldicarbonyiferratcfO) with tnmethylsulphonium 
iodide. I rimethylsulphonium salts as methylating agents 

(Kfceiriu/ 5 106 ^) 

The reaction of trimclhylclilorosiUnc with sodium T-cyclopcntadicnyldicarbonylfcrratefO) 
,T-fCr.H5)Fe(CO)jNa, has been reported'” to yield n--LyclopentadienyltrimcthyKilyJdn,arbonvliron(0) 
7T-fC5H,)be(CO)jSi(CH3),, in which there is a direct bond between iron and silicon It seemed 
leasonable to expect that, because of the ability ot ictiavalenl sulpbui to expand ns valence level, 
similar compounds involving the tnmethylsulphonium group ec'uld be made Hence the reaction 
cited in the title was earned out in the hope iif producing 7r-C\H3l'elC(>3)S(f Hjlj, with a direct bond 
between iron and the sulphonium sulphur atom However it was foi’nd that the reaction produced 
instead niethyl-;r-cyclopenladienyldicarbonvlnon, t-C ^H,F e(CO)j(’H, and dimethyl sulphide 

T-( \H,Fe(C<))3Na (CHd.SI • t-( ,1 1,1 etC <)),CH , ft H,).S Nal 

This reaction may involve the sought-lor compound as an iiuermcdiaie A similar leaction between 
p-nitrophcityldimethylsulphonium ion and thiocyanate ion has been reported ■’ 

CH, CH, 

NCS- I ‘i C,H,NO, NCS -1 - C,H,NO, - CH.SCN i CHjSC.H.NO, 



Several attempts to make tnphcnylsulphoniiim bromide react with the sodium salt have been 
in.idc, but in all cases the unchanged sulphonium salt was recovered quantitativclv 

/ \piiinH’iUal 

Piepaiation oj [(Tr-CsH^lFcfCO).]. This compound was piepaicd by the method ot Hallam, 
Mil I s and Pauson,"*’ and was obtained upon recrysialli/alion Irom methanol as rcd-purple crystals 
P/epaiarion oj (7r-CjH,)he(C()),Na (Inc gram ol the above compound was dissolved in 50 ml 
of methanol and treated with 40 g ol 2",, sodium amalgam The mixture was stirred rapidlv for 
T hr in an atmosphcie ol nitrogen and the solution was used dircctlv lor subsequent reaction 

Reaction belneen w-ft-'sHslFcfCOjjNa u/r/ ((. HiTjSI A solution ol tnmcthvlsulphonium iodide 
(I g> in methanol (50 ml) was then added to the above solution ol (CjH ,)T ett 0)jNa and the mixture 
stirred for about 12 hr The solvent was removed m vacuum ami the residue left was sublimed m 
vacuum at 70- 100 C A caramel-coloured waxy sublimate (m p 7h 80 C ) was obtained The 
compound had a camphor-ltke odour and was soluble m most oiganic solvents giv ing yellow solution 
I he compound, either in the solid state or in solution, was found to be slowly decomposed hv air 
The infrared spectrum was identical with that ol Mt oHjlFefClDjC H, Molecular weight deier- 
iiiination m bcn/enc and .inalvsis for iron conhrmed that the sublimate was i--{C,H,)r c(C OlA H , 

" T S PiPiR, P liMAl and G Wit rinson, /Vnliii iiivveiiw/Ki/le/i 4 . 5 , 12') ( I'Ahl 
B A B(3Lrn and J Milllr, 7 Otp C hem 20. 558 (1455) 

"B F Hallam, O S Mills and P L Pauson, 7 Inoip Nud (hem I.TittFiSS) 

" T S PtPER and G Wilkinson, 7 /mnp Vr/r/ (hem 3, 104(1456) 
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Notes 


During vaeuuiii sublimation JinuthylsulphHlc was lound to be eolleeled in the trap whieh was ke| 
eoi'led in drv lee aectone iniMuie 

A< kiio» k m The authors aie grateful foi the suppoit of this work by the' U S Boiax Reseaie 
( oipoialion Subeontiaet Nt' ^ under \it boiec Prime Contract No Ab D(6t6)5''DI 

I he Dipiii Inn III <>l ( , A h CtittoRD 

I’lirJue U/ini I ul\ , A K MuKiiFRjti 

iMfmeili ItiiliaiKi 


I he synthesis of l-nitro-2-(ii-oxy-n'-Hiiorodia/ine) tetrafluoroethane'*^ 

i Ki'ci Ill'll 2(1 lliitiiihi'i 1962 ) 

A Ni w eoinpoiind eonlaining tlie (unelional group NONT ‘ ‘ has bce'n synlhcsi^cd It is of inlcie 
inasmueh as it eontains the two eleetionieally siiiiilai groups NO, and NONI The eompouitd 
0_Nt T ,NONI , which is synthcsi/re'el by Ihc icaclion of O^NC _F,NO and N^f , in the’ gas pitas, 
[he N.t , used was of about 99 put ity 1 he 0_NC ^1 iNO was pie pa red by the addition of Ni 
to C jf i'"' <ii ainbieiit leinpeiaturc and purthed by gas chromatogiaphy An initial puiiheation w< 
made on a 10 ft eoluiiiii of di-n-deeylphthalatc on ( -22 hiebiiek ( 15 100) f inal purihcatioii was b 
iiie'ans eil .t similai 25 ft eohiinii Column eonditions weic ambient leiiiperatuie and a he’lium How t 
about 50 em’/mni 

The syntheses weie earned t>ut by sealing cepial nmlai volumes ol O NC.t |N() and N I j in a 
evacuated Pyicx bomb Typie'al vicid data arc listed in Table I 




1 AIILI 1 

(>_NC.I'iNONF viiii) DVTS 



T otal pressure 
ol rcaclanis 

Read ion 
leinp 

Time Yield (''„) 

( omplction 

tern Hg) 

( C ) 

(hi) D.N(.F,N()Nr 

of icaction ( "„) 

26 

—25 

40 52 

87 

26 

—25 

74 67 

98 

50 

71-75 

51 20 

88 

55 

100 

1 21 

—95 

67 

100 

52 

92 

CTNO,F,NONF 

was piiiificd 

by gas chromatography using 

a 10 ft di-n-dceylphthal 


eolumn as desciibed above 

The eompesund O.NCjF,NONF was identified by its mass spectrum, infrared speetium an 
moleeulai weight A molecular weight of 208 I was obtained by the methetd of limiting densities, j 
compared to 209 0 calculated The mass spectrum showed a very small peak at m/e 209 Table 
lists some of the nurrc important ions and iheir lelative abundance Figure 1 is the infrared spectrtii 
at I 4 cm piessurc 

* Work performed under the auspices ol the U S Atomic I nergy Commission 

J W Frazi-r, B h FloLOtR and b F Woroi n, T /riorg- Mic/ Cheiii 24,45 (1962) 

J M Bircmall, A J Bloom, R N HASzttniNr and C J Wii i is, Pinr Chein Soc 567, 56 
(1959) 
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I AULt^ 2 — Mass spfc ikum I 5 aia toR O^NC^FiNONF 


m/e 

Ion 

Relative abtii 

30 

NO 

100 

31 

CF 

16 1 

3 3 

NF 

1 6 

44 

N.O 

0 9 

46 

NO. 

20 8 

47 

N.F 

17 6 

50 

( h 

9 9 

96 

( I.NO 

0 3 

100 

3 J I 

14 0 

1 1 3 

( 1 ,NONI 

0 1 

209 

O.NCF.NONI 

r 1 aee 


100 ' ” ’ , 

80 ' ' 

uO 

40 

70 

o| _ __ J 

2 3 4 0 6 7 6 9 10 II 17 13 14 15 16 

WAVk length in MICRON'S 

I i(i I InluiK-d spLCliurn of O.Nt jFjNONl at Idsinpressuic 

Ills \apoui picssuis ol () NC _riN()NF ssas MKasuicd btlwcsii lA C and 76 5 C and lit to 
iIk Anfoim ' " ccitialion 

Lo» l>, (>849<3 |lll5^(r 67 S4)) 

Tils salsiilalsd boiling pi'iiu is 75 8 t and the mtUing pmin is 50 8 0 3 C This boiling point 

inav bs 1 2 C low dne l<i slight dcsomposmon at ambient tcmpciatiiics in the iso siiissssps 

This sonipoiind was lotind to be relativelv stable whsn handled in small amounts in a glass eaeuum 
appaialus Itibiiealeel with Kcl-F grease Howeser on oik v'eeasKMi when about I 5 g e'l the leaetion 
piodiiets melted and the lK|uid phase at about 0 C eont.ieted the Kel-T giease a \iolent esplosion 
oeelii leel 

J \V I R \7I R 

I anniKC liatlialioii Ld/xiuiUin I p)^ 

/ mill SHY of ( alifoinid 
liuiinoic Cdli/oiniu 

"D Ci Mil I I R, Rcpoit LICK! -6862 (1962) 


The thermal decompoMtion of Ni (p>ndinc)4 Cl, and the preparation 
of Ni (pjndine) CC 

( Ki ( cii fi/ ](s V/uk/; 1963 ni n vised foi ‘H \ 4/>m/I9(i3) 

1 1 I Rakisi’s RiDiM niekel(ll) halides and bispyiidine niekell II) halides are well know n and in eommon 
with anhydreius niekel ehlonde ha\e siriietuies in whieh the niekel ion is oeiahedrallv eo-<'idinated 
It has now been lound that Ni(py)XI.(pv pyi idine) deeomposes to NipvCI at 190 and that the 
lattei eoinplex also eontains luekcl tons in oetaheelial eis-oidination 



low 


Niilts 


The thcrin.il Ueeuinpusitioii euive i>f Ni(py),CI^ (tltlei niincil on n Stanlon 1 hermogravimclne 
Unldiico chart speed (> in /hr) shoves huirJchnile stages eorresponding to Ni(py)jCl^ (Mol wt calc 446), 
Ni(pv)_Ch (1 tj v\t Found 28‘v ( ale 2SK) NipvCIjtlcj \M Iound 208, Cale 20^), and NiCh 

(Fqvel FouiidIM (ale MO) I he Ihiec deeomposilicin Icmpeiatures as shown in Fig laiellO, 
IhO and Flo and the spec miens aehies ed eonstani weight as NiC 1^ al F60 Specimens ot NUpyljCF 
and NipyC l_ wcie .ilso pieparevi hy heating samples e»( Ni(py)jCI. (or 1 hi to 190 and FIO 
lespeelivcly (Found Ni 20 F ( 42 0 H F4 N, 9 5 t I, 25 0 Nipy^CK requires Ni 20 5, C, 

41 K II 15 N 9 7 (124 7", 1 ound Ni 27 7 ( 114 FI 2 2 N, 6 4 CIM6 NipyCI, 

leqiuresNi 28 2 ( 28 8 H 24 N 0 7 Cl 140",) Slight ehari ing oeeui reel during (he pre- 

pa i a lion ol N ipyC l_ and this is i e lice led in the eai hon analysis \-iav powder photography showed 

that Nipv( l_ IS a sepaiate and distinet eiitily 


!- 


cr 

i 



O 

41 


O 

ce 



111, I I he' iheiin il deeompositioii ol Ni(py),CI. 

1 he ledeelaitee speelra ol all the sample-, weic laFeii eiii a Hilger Uvispek Spectrophotometer 
and the results aie eompaied with literaiuie values loi Ni(py),C 1_ Ni(py>jCI. and NiCl,, in Fable 1 
T he speelra observed lor these latter eompounds aie in good agieenient with published values and 
the spectrum lound lot NipyCI. Ills into the senes suggesting that the environment aiotind each 
nickel atom is an octahedron ol live ehloi me atoms and tine nitiogcn atom The infrared spectrum 
of NipyCI; in the sodium chtoiide legion eonliims the presence ol pyridine as a ligand and the 
absence in the cacsuini bromide legion ol mclal-chlondc bands at about 310 cm ' is in lavour of 
an octahedial environment about the nickel atom Assuming an octahedral environment about 
the nickel there seem to be two possible ariangeinents of atoms which would give the required 
stoichiometry One has two chloiine atoms each acting as a bridge between two nickel atoms and 
three chlorine atoms each acting as a bi idge between three nickel atoms and the other has one chlorine 
atom unbridged and four ehltirine atoms each acting as a bridge between tour nickel atoms 

T hernial decomposition ol olhei pyridine nickel halides does not proceed by way of monopyi idmc 
nickel complexes 

"D H Brows R II Ni ' 1 1 ai i . anil IT W A Sharp, unpublished work 
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TAHlfcl ThF RVhUA 1 ANtl SPF( 1 RA OF PYRHHM NIC kH ( HIDRIDFS 



(Figures in cm 

' 10 





Compound 

knvironment 

•T 

“I'l 

■1 3 


M , 

Nipy.Cl/' 

4N 2CI 

10 9 

160 

I 3 I 


25 8 

NipyjCh" 

2N ' 4CI 


140 

12 8 

23 0 

24 2 

NipyClp' 

IN 5CI 


13 3 

12 1 

20 8 

23 8 

NiCI," 

6C1 


1 3 0 

1 1 6 

19 6 

22 3 


1 iteraturc values 






Nipy,Cld' 

4N 2CI 

to 9 

13 9 



25 7 

Nipy^CI/ 

2N 4CI 


14 1 


23 0 

24 1 

NiCI.'’ 

6C1 


12 9 

1 1 6 

19 4 

22 1 

no Present weirk 







O BnsFRtji* 

and C K Jorcunsfn 

l< /(I 

C ht in 

St anti 1 1 , 

1223 

(1957) 







"’r Konk, and H L S< in affk / 

ph\ 1 

C hem 

26, 

371 (I960) 

R W Asmi, 

issFN and (9 Bosiri p 

l(/« 

C Item 

S( cmil 1 1 . 

745 


(19*17) 


We ihdnk (he Royal S Kicty loi a giant tor the purchase ol a lai inirarvd specliopholomctcr 
ami (he Department ol Sticntihc and Industtial Research for the auard o( a Senior Fellowship 
(to R II N ) 
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D H Brown 
R H Nuiisli 
ID W A Sharp 


Exchange properties of ammonium salt of I2-heteropoiyacids — VI. Sorption of cerium, 
ruthenium, zirconium and niobium on ammonium phosphotungstatc and isolation of 
"’Cs from an aged mixture of fission products 

( /fee ( /( < </ I 7 l)i(eiiihci 1962, m m i'>i\l fonn ^ lyjo/ 1963) 

t tvv ictciences san be loiind to (he sorption ol poly-vaicnl hssion products on aminoniiini salts ol 
lietciopolyacids, although Smitc( a/ have described the separation ol (ission products on ammonium 
phosphomolybdalc Dui previous paper"' desci ibe the sorption ol '"'Sr "“Y on NH,P\V and their 
sep nation liom caesium and in this study the sorption ol other kmg-livcd bssion products (Cc Ru 
/ r) on Nil ,RW and the isolation ol '■’'Cs from lission products scilution weic examined 

L xpn iinenlul 

\minoniiim phosphotungstatc with the composition ( N I IJ^ ,,iH„ .„IP(\V , l2KHjO was 

pi ep ircd and analysed as described previously''", experimental proved tires have a No been desci i bed - ' 
'"Ce '"“Ru "'Zr "Nb ti acers were of Soviet origin, and "“Y was scp.iraitd li om "Si by extraction 
with TFA I abelled ruthenium as nitiateand nitiosviruthcnuini tri-nitrate was employed " 

" J V \N R Smii W Rohm and J J Jacobs, A'Hf/coHiri 17, 116(1939) 

'J Krth j Inoii^ Niicl Cliein 22,247 (1961) 

I Kitrii and KooftiM, 7 //loig Niul C hern 12, 367(19(i0) 

' J KRiii.d liioii^ Nnd Chem 19,298 (1961) 

’ R A Boiomrs and I Wish, 7 Amet Chem Soi 72, 4483 (1930) 

' IS Amifrson and J D M McConnfh,^ //lorg V/ir/ Client 1 371 ( 1933 ) 

I M I 1 LiCHi R c( (// / Z/Ki/g Ninl Chem 1, 378 (1955) 
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Notts 


Sodium and amniomiim ions wcic addet! as nitrates All itagtnts were ol analytical grade, and 
txptnments Were tarried out .it loom itinpei attire the results being espi csstd in terms of distribution 
eoedieienls 

lit sii!l\ ainl Dis( us'>ioii 

When the hydiogeii ion toiiecnlration was v.iiicd both yltiiiim and cci mm showed a lineal 
I elalionship between log A,i and log (UNO,) over the range 0 2 to 1 M nitiicaeid, the gradient being 
7 indicating that the ions art soi bed by ion exchange C ei mm and the othei i are cai ths ai c weakly 
held tompired svilh iht hcavv alkali metals, anti the soiplion of laie earths is moit strongly 
innuenecd bv ihe presence ol H and Na ions ( Fable I) NH,' ions have less eflcel 


1 \HI I I I net I ol SODIliM \isl) VMMOMl'M SVLIS 


nil SOUPIK/N 

<11 '"Le in Nil 

iPW A r pH 2 1 


C oneenlialion 


Sclll 

(M) 

A,,' 



41 


0 Is 

176 

Nil , NO, 

0 24 

2kS 


0 

1420 


1 

2240 

NtiNO, 

0 70 

I 2 


0 70 

0 1 


A, I (e p 111 pel g ol NII,l‘W)(epm pel ml ol solution) 


""'Ru 

Both rulhtmum (IV) mtiaie and niti osyli iithemiim (111) liminale show a lineai i elalionship 
belvvccn log Aa and log [II Jliom 0 4 to 6 M <ieid the giadieni loi bolh forms being ~-2 The cffctl 
of sodium and ammonium ions at constant aeidity is show n in Table 2 In this east N H , ions exei I 
a greater inlltieiite on the desorption ol luthenium than sodium salts 


1 ABLE 2- Ltue I or soim,M and vnimoniiim sai is on iiii sohhiion 
or RirrHF'vii'vi (IV) mimati am> or mtrosvi RUmrMi'M (III) mikaij 
[HNOi] 04MlorRuN()' GSM lor Ru*' 


Salt 

( oneentralion 
(M) 

A„ 

RuN()(NO,)r 

Ru(NOj) 



9 6 

67 6 


0 10 

60 

68 6 

NaNO, 

0 30 

2 8 

19 2 


0 70 

1 2 

3 0 


1 20 

0 02 

2 6 

NH,N(), 

0 10 

1 58 

10 4 


0 28 

0 18 

1 26 


"■■Zr ^"'Nb 

The sorption ol an equilibrium mixtuic e)l "’/r '''Nb mereascs with increasing acidity, log A,i is 
a linear function of log (H '] but the gradient is non-mtcgral 
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In acid solutions sorption ol uncharged hydrolysed and complexcd species may take place 
This explanation is supported by the effect of loreign salts (Table 3) Foreign ions (Na , NH, ) are 
seen to increase the soiption as in the molecular sorption ot Zr/Nb, where the elTect of foreign ions 
incieascs in the order Na NH, 

7 Mil I 3 httrci Ol SODIUM AND AMMONR,M SAllS 

ON iHfc SORPTION or "'Zr " Nb 
[HNO 3 ] 0 25 M 

Concentration 


Salt (M) A, I 

0 08 2 66 
NaNO, 0 59 4 0 

0 97 5 0 

0 10 580 

NH.NO, 0 50 1280 

0s)8 1190 


fsuUirioii oj ' 'T's lioiii sMitheUi iiiiyiuj fission piotlinis 

I he principal activities in aged ( 2 yi) lission products aic due to alkali metals alkaline earth 
metals and rare caith elements "'Cs uas separated Irom a representative synthetic mixture by 
soiption 111 NH,PW washing the column with 12 M lit I (or HNO,) 0 5 M NH 4 NOJ and 
elution ot Cs with 10 M NH,NO, [f- and /-spectrometry, using a 2(X)-channel analyser (Inter- 
lechnika) showed the maximum impurity content to be 0 I ".i '"'Ru 0 2"n "'Ce. '-’Fu ■"'Y, and 
0 r’o ““Sr Decontamination (actors were found to be 5 7 10'‘torRu 15 lO^forCe Eu and 
Y and I 10' for Sr 

J Kriil 

liisiiiiiic oj NikIlcii Hest’auh J Zfmvnovx 

Rei II Pi iiln 
Czechosloi'akiii 

'■*’ 1 F SiAKiKcri// WurAot/imi/ya I, 570 ( 1959) 

1 F Stariis, V N Shfhh NOVSKIJ and I A Snulsmj Am/ioi / kuii/u 3 455 (19611 
J Mai V er <;/ , c'l uis /i v 6,616 (1956) 
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J Nkii i 

\ n ^/.^///^/n/ u / \ ( ////// /"/ l/rO^^^/^^l/ ///^/Z / 

,,/ )R(iiu/ \ ic I inJ K( l.iiul ui c--tiin itc o! then LiitiLjl LonstdiUs lo^ethd mf/t i/it'-,,_ 
<tl iIk (dh^t dik ill h ilii-k-^ / /noi'd Siiil C hem 24, I2H7 1296 (l*-)(i2) 

r.ii’c 129^ line 2 below I.ible 7, 

loi ' uppc! hnul ' lead 'mtual li'iupcuiluic" 

M /wi.iN Slime aspLcls of syiier^'ism in solvent c\ti,wtion -I IJidnnim (VI). 

/ ! 11(11 II \'ni I (/mil 25. SXI 594(1961) 

f’age “iX I , line 2 

foi “(the eheatmg agent)’ lead “(the chelating agent) ' 

Page 5S) line 21 

"/ X ) “/ X 1 

P'r I II I read /h ^ ) HtX 

Page 594. line 1 

lor“(H‘)„g henceto(MCI)‘ ’ read “(M ‘ )„, - hence to ( MCI) ’ 
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ISOMERIC YIELD RATIOS OF ^'Sc PRODUCED BY 
THE '*N BOMBARDMENT OF ^^S AND 


M E Wft/fn 

Universily of Tennessee 
and 

K S Toth 

Oak Ridge Nadonal Laboratory* 


( Received 1\ Jamiaiy 1961) 


Abstract -1 hick targets ot red phosphorus and zinc sulphide were bombarded ilh 27 5 MeV "N ions 
accdciated in the Oak Ridge 61 in Cyclotron Cross sections, as a function of the bombarding 
energy, were measured lor the production ol *‘Sc, ""‘Sc, and " 'Sc from ■"? and ■'■S The irradiated 
materials were j’-coiinied, and the radioactive products were identified by their chaiactenstic /-rays 
and half-lives f rom the cross sections, the isomeric yield ralicrs of "’’'S^/"“Sc were found For •‘^P 
ihc isomer ratio varied from 0 68 at 23 5 MeV to 1 68 at 27 0 MeV, while lor •‘■'S it varied from 0 1 2 at 
20 1 MeV to I 15 at 27 0 MeV I his increase m Ihc lalio lor both reactions is consistent with a 
compound nucleus kirmalion mechanism for ■"Sc at all energies considered Accordingly, the higher 
ratio in the phosphorus reaction than in the sulphur reaction may be att'-ibutcd to the smaller amount 
of angular momentum taken off by the single proton emitted Irom the "P reaction than by the two 
piotons emitted in the *-S case 


ZiN( bulphidc and phobphorus were bombarded with 27 5 MeV triply charged '*N 
tons, accelerated in the Oak Ridge National Laboratory 63 in Cyclotron, to produce 
‘‘^Sc and '’'’Sc The primary purpose of the investigation was to obtain information 
concerning the reaction mechanism involved in the production of ”Sc by studying 
the yield ratios of the two ’’Sc isomers as a function o( bombarding energy Other 
workers'* have investigated the isomeric yield ratios of ”Sc produced m neutron, 
proton, and alpha induced reactions This isotope is a particularly convenient choice 
because of the wide separation in ;'-ray energies and the large difference between the 
half-lives of the two isomeric states The mctaslable state, ”"'Sc (6 or 7 ' ), has a 
)'-ray of 0 270 MeV and a half-life of 2 44 days,*^’ the ground state, ’’^'Sc (2 or 3 ^), 
lias a }'-ray of I 159 MeV and a half-life of 3 9 hr *'’* It was also anticipated that the 
difference in the number of particles emitted in the two reactions, *”P(”N, /7)’’Sc and 
*'*S('’N, 2/i)”Sc, would have some effect on the isomeric yield ratios 


EXPERIMENTAL METHOD 

Targets were made by pressing zinc sulphide and icd phosphorus at a pressure of lOOOOlb/in- 
into brass molds jf in m diameter These targets, thicker than the range of nitrogen ions, presented a 
hard uniform surface which did not change under bombardment By comparing the relative yields 
of '“E and ■^‘Na produced by the bombardment of a carbon target with the data of Rfyniii ns and 

* Operated for the U S A E C by Union Carbide Corporatitm 

"J W Meadows, P/tyj Rev 102,190(1956) 

R J Prist WOOD and B P Bayhurst, P/ijs Rev 121,1418(1961) 
r Matsuo and T T Suoiiiara, Canar/ J Chem 39,697 (1961) 
b M Bailey, /•/; ys Rev 123,579 (1961) 

' Nuclear Data Sheets, National Academy of Sciences, National Research Council, Washmgttrn, 
DC (1960) 
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ZucKi r"’', the energ) of the inLident beam was deleimined lo be 27 5 ' 0 5 MeV This energy was 
varied by placing nickel foils m steps ol approximately 0 6 nig/cni' between the beam and the target 
I lom the range xMicrgy relations ot nitrogen on nickel the energy of the beam hitting each target 
was calculated I he targets were bombarded mat araday cup assembly Since the absorbers were 
placed diicclly m the f aiaday cup, it was imt necessary to consider the cllectivc charge of the nitrogen 
ions alter they passed thiough these foils The beam current passing through a J in collimator was 
approximately 0 20 /la tor /me sulphide and 0 065 /(a for phosphoius The volatile nature of 
phosphorus necessitated the smaller current 

Alter each bombaidmcnt, the target was removed from the mold, placed in a stainless steel cup, 
and counted with all 1 1 in Nal(TI) crystal j'-iay spcctiomcter connected to a 256-channcl 
pulse height analyser I he clhciency of the Nal crystal was calibrated for the particular counting 
geometry by the use ol scveial /-ray standards A relative photopcak cITicicncy curve was constiucted 

TaHII I lol N1 irVINC. /-RAYS AND Till IR BRANt IlINti RAt los 




Gamma-ray 

Branching ratios 

Isotope 

llall-lilc 

energy ( MeV) 

(".,) 

■‘"’Sc 

2 44 days 

0 270 

100 0 



f 159 

100 0 

'"Sl 

3 9 houis 

t 159 

100 0 

“Sc 

t 9 hours 

0 174 

21 6 


from the known decay characteristics of — Na, ^“Sc. '’"Co, ■’"Fe, *"Co, "'’Zn, “"Y, '‘’""Cd and '-’Sb 
I his covcied the /-ray energy icgion horn 0 18 to I 8 MeV The --Na source was then beta-counted 
in a shielded Geigei countci with a known counting elficicncy to dcteimine the absolute disintegration 
rate ol the sample 1 he relative pholopeak efTicicney curve could then be converted into an absolute 
euivc The error m this latter curve was estimated to be llSpercent Proper corrections were made 
for the p-tay branching ratios,''" decay during bombardment, and beam intensity to obtain the absolute 
yields per incident pat tide The idcntilying half-lives, p-radialions, and the branching ratios used m 
calculating the reaction yields aic shown in Table I 

RESULTS AND DISCUSSION 

The yields per incident particle of ‘’•’"Sc and ‘‘*Sc from and were 

determined and plotted as a function of bombarding energy (Figs 1 and 2) The 
scatter of the experimental points at a given energy indicates the relative error inherent 
in the thick target yields This error arises from uncertainties in beam intensity, 
counting statistics, and in the energy of the incident ''*N beam Smooth curves were 
then drawn through each set of experimental points and cross sections as a function 
of bombarding energy were determined by differentiating these smooth curves For 
this determination, the stopping powers of ZnS and phosphorus for ’‘'N ions were 
calculated by the method described previously Excitation functions obtained in 
this manner are shown m Figs 3 and 4 The error in the absolute cross sections is 
estimated to be about ±30%, this takes into account uncertainties m crystal 
calibration, y-ray branching ratios, slope of the yield curves, and the calculated 
stopping powers 

Fisher el a! investigated the production of ^‘‘Sc from the '‘’N bombardment of 

H L Reynolds and A Zucker, EAyv Rev 95, 1615 (1954) 

H L Rlynolds, D Scott and A Zuc ker, Rev 95, 671 (1954) 

'“’W H Webb, H L Reynolds and A Phys Rev 102,749 (1956) 

M L EIalbert, T H Handley and A Zuckfr, PAyi Rev 104,115 (1956) 

D E Fisher, A Zucker and E Gropp, R/iyi Rev 113,543 (1959) 
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hit) 1 -Yields per incident particle deter- 
mined for ‘•'Sc, ■“'"Sc and “"Sc resulting trom 
the “N bombardment of ’’•'S For “"'St, 
squares represent the data of FiSHtR el al 


Fki 2- Yields ptr incident particle deter- 
mined for ■“Sc, “'"Sc and ""Sc resulting from 
the "N bombardment of "P 


'*’S Their ^^'"Sc yield points shown in Fig 1 (squares) are seen to agree very well 
with those obtained in this experiment A smooth curse fitting all the available 
yield points was differentiated to determine the ‘’‘*"'Sc excitation functions shown in 
Fig 3 Jt IS not possible to compare their data for '•■‘''Sc since they did not separate 
'‘•‘Sc from ‘‘‘'''Sc but instead obtained an excitation function for the total 3 9 hr 
scandium activity However, at 28 0 MeV they determined from a "/-ray spectrum 
that ^■‘Sc was approximately 16 per cent of the total 3 9 hr activity We found that 
^®Sc accounted for -^18 per cent of the total 3 9 hr activity at 27 5 MeV, and ---O 
per cent at lower bombarding energies 

Newman and Tom*"' bombarded with “N ions at 25 35 and 27 5 MeV 
From the yields at these two energies they obtained a 56 4 mbarns cross section for 
the production of ‘‘^Sc at 26 5 MeV At the same energy we found the cross section 
to be 60 1 mbarns The agreement between the two values is well within the limits 
of experimental error 

Figure 5 shows the isomer yield ratios (‘‘*’"Sc/^*''Sc) plotted vs £'cm for the phos- 
phorus and sulphur reactions along with those obtained from the reaction ®'’C1(‘^N, 
ap)^‘’Sc investigated earlier’”’ at this Laboratory Certain points concerning the 

F Newman and K. S Toth, Rev 129,802(1967) 
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lie, 1 -- 1 XLilalion tunclions foi ihc pio- hio 4- I xtJtaliiMi funclions for the produc- 

duttion ol "So, ""'So and "'So Iroin ihe lion of "Sc, ""‘So and '"'.So fiom ihc "N 

"N bonibardintni ot "S bombardmoni of ”P 


three '^N-induccd reactions edit be noted In the ’‘P and ’-S reactions the isomer 
ratio increases steadily with energy, while the ratio for the ■'"'Cl reaction hrst increases 
with energy and then levels off at £,m~18 6McV Studies*^'^' of the reaction 
*'K(7, n)‘‘'^Sc have shown the same isomer ratio hrst increasing with energy then 
turning over at /T,,,, ^24 IVfeV and finally decreasing at still higher energies The 
following explanation was offered for these results The initial increase of the ratio 
indicates a compound nucleus mechanism Because of the higher density of states at 
high energies of the residual nucleus, the compound system emits low'-encrgy light 
particles with consequently little angular momentum carried off The residual 
nucleus is thus left with more angular momentum as the bombarding is increased and 
the isomer ratio would thus be expected to increase The subsequent decrease in the 
ratio indicates the onset of a direct reaction mechanism at higher energies In a 
direct process the residual nucleus is left m a lower state of excitation and with less 
angular momentum, the low-spin isomer would thus be favoured 

It would then seem from the above discussion that the behaviour of the ’’"S and 
’’'P reactions indicates a compound nucleus mechanism for the production of ‘*‘‘Sc 
at the studied energies The gentler increase and subsequent leveling-off of the 
isomer ratio for the ^’’Cl reaction might be explained in two ways First, the loss 
from the compound system (''®Cr) of a large amount of angular momentum, carried 



Isometric yield ratios of ^'Sc produced by the “N bombardment of ’-S and "P 
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13 14 Iv l7 ifi i'i 7 ) 

* in ' 


Kui 5 Isomeric yield ratios ol '*Sc resulting from 
the "N bombaidment ol *'P. '-Sand ‘ Cl 

oil by the alpha particle, should result in a higher yield of Irom the chlorine 
reaction than for the ’-S and '*'P reactions Second, perhaps some reaction mechanism 
other than compound nucleus lormation is beginning to set in at t,m -^18 6 MeV 
Such a mechanism could account for the differences found between calculations 
based on the statistical model and experimental results obtained in ('^N, j) 
reactions 

One can observe from hig 5 that the isomer ratio is higher for the phosphorus 
reaction than for the sulphur reaction at all energies investigated This difference 
can also be observed in the excitation functions shown m figs 3 and 4 Here we note 
that the ^'‘"'Sc and ’■'"Sc curves cross at a higher energy (26 65 MeV) in the sulphur 
reaction than in the phosphorus reaction (25 30 MeV) Since both of these reactions 
bring essentially the same average angular momentum into the system (seven or eight 
units) the number of particles emitted from the compound nucleus in the two 
reactions may account for this difference m isomer ratios The proton emitted in 
the phosphorus reaction would carry off less angular momentum than the two 
protons emitted in the sulphur reaction One should then predict a higher yield of 
the high-spm isomer m the system left with more angular momentum — in this case 
the system produced m the reaction 

AcknoHledf^cmeiits — The authois wish to thank T IsIiwman who assisted in many phases of this 
experiment They also wish to thank M L Hai bi-ri and A Zuckir foi their helpful comments 
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DECAY OF i»Ba-”'Cs 

W S Ly(>n 

Andlylioal Chemistry Division, Oak Ridge National Laboratory,* 

Oak R idge, 1 ennessee 

(Received 18 fehnmry 1961, in levnetl form 15 March 1963) 

Abstract- The absolute intensities of eight /-rays emitted following electron capture in '^'Ba have 
been determined 0 130 MeV (0 28), 0 220 MeV (0 28), 0 380 MeV (0 16), 0 496 MeV (0 60), 0 600 
MeV (0 032), 0 820 MeV (0 0034), 0 910 MeV (0 0009), and 1 04 MeV (0 017) 

The method used was to prepare '"Ba free from its '•“Cs daughter, allow the "'Cs activity to 
grow in, separate the ‘-"Cs activity from the parent and measure its activity, measure the /-activity 
of the '*'Bd by /-ray spectrometry, and calculate the absolute amount of ‘■"Ba from parent daughter 
growth relationships The half-lile of '“'Cs has been determined to be 9 83 0 28 days The ratio 

of the pile neutron activation cross-sections lor the production of '“'Ba and '““Ba has been found 
to be 'Ti 3 „/n, 3 . 1 36 j 0 08 

Gamma-rays following electron capture m have been studied by several in- 

vestigators BhGGS, el al identified at least nine gamma rays and made measure- 
ments of their relative intensities August et measured relative intensities of 
five of these y-rays Conversion coefficients for some of these 7 -rays and the lifetime 
of a mctastable state at 0 081 MeV have also been reported and arc tabulated in 
nuclear data collections Very recently Kei ly and Horen*-*' report the conversion 
electron spectra of ''^'Ba No measurement has been made previously, however, 
on the absolute }’-ray intensities due primarily to the difficulty in measuring the 
disintegration rate of '"Ba 

In the present work, the relative intensities of eight 7 -rays associated with the 
decay of "*'Ba have been measured The absolute intensities have been determined by 
measuring the active ''"Cs daughter of ""Ba and back calculating to determine the 
amount of '-"Ba parent present The half-lives of both '•"Cs and ’"Ba have been 
remeasured, and in addition, the ratio of the pile neutron activation cross-section 
for production of ""Ba and ''"Ba has been obtained 

EXPERIMENTAL 

Bdrium-131 produced by neutron capture on natural barium in the Oak Ridge Research Reactor 
was used as a starting material in the barium cesium separation work To several millicurics of 
'“'Ba solution, a tew milligram!, of barium carrier was added and BaClj precipitated by addition of 
HC'I ether solution The precipitate was separated by centrifugation iedisi>olved in a few drops 
of Et^O and the separation repeated twice more The time ol the final BaCb piccipitation was noted 
The BaClj was dissolved in H^O and made lo a known volume Cesiuin-131 was allowed to grow 
in lor twelve days and then a barium cesium separation was made using the following pricedure " ’ 

• Operated by Union Carbide Nuclear Company for the U S Atomic Energy Commission 

W C BtGGS, B L Robinson and R W Fink, /’/ns Rer 101,149 (1956) 

L S August, R W Camphcll and M G<x>drich, Bull /finer Phi'' Soc 2, #4 231 (1957) 
D SiROMiNGER, J M Hot LANOhR and G T Seaboro, Rfi'j Mod Phi'' 30, 716 (1958) 

W H Kn LEY and D J Horen, Bull Anier Ph\'s Soc H,fff 85 (1963) 

C L Burros and R L Brixiksbank, Method No 2 21081 (7-1-52), ORNL Master 4iialvnciil 
Manual, TID 7015, Section 2 
H L Finston Private communication (1957) 
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A SOO-//! .iliquot of tht Ba Cs solution was added to a separatory funnel, 2 ml of a 1 M sodium 
titrate 0 5 M nitric acid biifTcr solution added, and the volume made to 3 ml with water Three ml 
ol a 0 05 M tctraphenyl boron in amyl acetate solution was added as an extractant, and the cesium 
was extracted into the oiganie phase by shaking for 30 set Alter the phases had separated, the 
ac|ucous phase was drawn off and rc-extraeted with anothei 3 ml portion of the extractant The 
two organit phases were then combined, washed with 3 ml c'l bulTer solution and then the cesium 
stiipped with two, 2 ml portions ol 3 N HCI The tesiiim liaetion was made to volume in a 5 ml 
volumetiic Bask the original at|utous phase eontaining the barium was likewise made to volume 
111 a ^ ml ll.isk ( T he buller wash and the oigaiiic phase alter acid sti ipping were examined in every 
experiment foi residual activity The .imount iclained was in every case less than I per tent of the 
total ) One nil aliquots ol the cesium and the barium dilutions were dried on I in watch glasses 
and used as souiees lor the 3 in 3 m Nal(Tl) /-ray speetiomeler equipped with a twenty-channel 
analysci In ihe '"C s souiee mount, the A \ ray peak at 29 6 KeV was measured In addition, the 
total integial count above 50 KeV was obtained and in all eases lound to be background or less 
I his eontiims the observation that ''"Cs decays only by electron capture and indicates the selectivity 
ol the extiaetion method and the purity ol the cesium product 

Ihe "'Ba source mount was used to measuie the X-ray legion as well as the ’/-lays Irom decay 
ol ' "Ba Ihe latio ol the A \-iay peak to the '"Ba 496 KeV /-lay was used as a lest of the puiity 
ol the bainim liaetion 1 his ratio was the same in all the scpaiations made and was identical with 
that obtained liom a spoetium obtained from a freshly scpaialed exhaustively purihed '"Ba source 
Ibis also eonliimed the scicetivily ol Ihe extraction and the piiiily of the '"Ba prevdlict 


MLASURLMrNTS 

The integrated peak area (P ) obtained from the Cs''*' A' X-ray spectiuni was used 
to calculate tlie disintegration rate of '*'Cs { 1^) using the expression 




P 


( 1 ) 


where 12 

/ 

A 

i 


solid angle at 9 3 cm (0 0373) 

fluorescence yield for Xe 0 84 

fraction of decay tliiough K cap - 0 87*"’ 

peak efliciency I 00 

attenuation m crystal shielding 0 97 


The activity of ''*'Ba parent at the initial separation lime (twelve or more days prior 
to the extraction) was then calculated m the usual manner 


(^2 

?Je *•' £■ '-') 


( 2 ) 


where A^ calculated ‘'’’Ba parent disintegration rate at initial separation time 
— observed '”Cs daughter at extraction lime 
A, — decay constant 
- decay constant 

t - growth time of '^‘Cs (i e , time between initial separation time and 
extraction) 

The absolute number {N^) of 490 KeV -/-rays in the source was obtained 
from the integrated peak area in the y-ray spectrum, using the published data of 

B R JoSHT and G M Lfwis, Pi oc Phyi Soc 76, 349(1960) 
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La7Ar‘®’ This number (N^) is related to the disintegration rate of f/ln,) through 
the factor f 

A', 

'^lla ^ ~Y~ (3) 

where/’ is the y-branching in the decay of ‘"Ba through the 496 KcV -/-ray N jj was 
corrected back to the initial separation tune 


or 



N 

fe 


(4) 


N 

Aye 


(5) 


where Ay calculated ^■*'Ba present at initial separation time 
t decay lime of '^'Ba ( - growth time of ' ’’Cs) 
decay constant of '®'Ba 



fiij 1 — /'-Ray spectrum of ‘-“Ba 20 KcV channel 


f was obtained by substituting from Equation (2) the value tor 4i into Equation 
(5) From six determinations, each on a different day, / 0 60 with a standard 

deviation of 0 03 

Figure 1 shows the y-ray spectrum of *'*‘Ba obtained by use of the 3 in 3 in 
Nal(TI) crystal and the twenty-channel analyser A considerably more active source 

"" N H Lazar, 1 R E Transactions of the Professional Group on Nuclear Science Vol NS-^ #3 
138, December, 1958 
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was used to obtain these data than was used to measure the 0 496 ICeV branching, 
sinee it was of inteicst here to determine intensities of the low abundant high energy 
'/-rays Successive graphical subtraction revealed y-rays as indicated in Fig 1 Two 
diflereiit sources of ‘ *'Ba of different age were used to obtain these spectra, in each of 
the solutions a slight aniount of ^'•'Ba was present, as evidenced by the faint indica- 
tion of a '/-photopeak at 370 KeV After decay of the '*’Ba had proceeded for a 
number of monfhs, the ”*Ba contribution was corrected foi by rerunning the y-ray 


Iaiiii I iNirNsimsoi /-hays I'krsrNi in ''"Ba uFeAV 




Kclali\(. intctlsiUcs 



-<-.Kigy, 


- 

- 

/’s/dis 

(MeV) 


Rua.s, 


Lvon 


AinaM 

ft al'" 

I VON 


0 1 10 

0 71 

0 56 

0 47 

0 28 

0 220 

0 55 

0 42 

0 46 

0 28 

0 380 

0 36 

0 2X 

0 26 

0 16 

0 496 

1 00 

1 00 

1 00 

0 60 

0 600 



0 053 

0 032 

0 610 

0 03 

0 09 



0X20 


0 005 

0 0057 

0 0034 

0 910 


0 019 

0 0016 

0 0009 

1 04 


0 030 

0 028 

0 017 


spectrum, matching the 370 KeV peak to a known '^’Ba y-ray spectrum, drawing in 
this contribution to the '"Ba spectrum, and subtracting Agreement between the 
y-ray intensities in the two sources was within a few per cent The peak at 630 KeV is 
a composite of a true 600 KeV y-ray photopcak and a comcident-sum peak of 630 
KeV, which arises from coincidence summing between the 130 KeV and the 496 KeV 
y-rays This was established (l)by measurement and comparison of the y-ray 
spectrum obtained at 9 3 cm with that obtained at 20 cm, (2) by calculation of the 
contribution to the 630 KeV peak of summing in a manner similar to that described 
by Lazar Both the previous techniques indicated the 630 KeV y-ray photopeak 
to be due to coincidence summing Consequently, the observed photopeak intensities 
for both the 130 KeV and the 496 KeV y-ray have been corrected for the slight loss at 
9 3 cm of photopeak pulses due to summing These y-ray intensities are listed in 
Table 1, together with previously reported values, the intensities measured in this 
work were obtained using the method of Lazar,'®* as previously described in the 
discussion of the '”Ba determination Absolute intensities are also shown in Table I 
and were obtained by multiplying the relative intensities m Table 1 by the experi- 
mentally determined absolute intensity value of 0 60 for the 496 KeV y-ray 

Inasmuch as the irradiation time of the material and the absolute activities of the 
i3ig^ nsBjj could be calculated, the ratio of the pile neutron activation cross-sections 
(rr^aJoiaj) could be calculated The activity of the was calculated using the 
branching ratio of LANotviN,"” which has been verified in our laboratory and which 
assigns 75 per cent of the capture processes through the 370 KeV y-ray The value 
obtained for this ratio is 1 36 i 0 08 Beggs et al have reported a value of 

M Lanc,i viN, /(w PItyt 1, 57 (1956) 
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1 2 ± 0 3 which was obtained using somewhat different assumptions regarding the 
decay schemes of ^®*Ba and 

The y branchings for the '^'Ba y-rays used by Beg<jS in the calculation of ^■^'Ba 
activity lead to a value about 10 per cent higher than that obtained by use of data m 
this report A larger difference arises m the ''^^Ba activity calculations which was 
made by Beggs e / a ! from a measurement of the 0 082 y-ray and use of an earlier x ., 
value from Hayward et o/'*®* of 3 5 More recent measurements*®’*'! indicate the 
to be ~1 6 Measurements made in this laboratory confirm this latter figure In 
addition, these authors used 7 5 years as the half-life of ’®®Ba Published data from 
ORNL indicates the half-life of '’'*Ba to be 10 7 j 0 2 yr 

When one calculates the ratio n'i 3 o/<T,,, by using the decay schemes and half-lives 
suggested in this paper, the value given by Beggs e / a ! for the ratio Oi-)n/'*'n 2 found 
to be 1 50 1 0 39, this agrees well with our value of I 36 t 0 08 

The half-lives of both ‘^'Ba and ‘‘’'Cs have been redetermined, *®*Ba by measure- 
ments on a high pressure gamma loni/ation chamber and *®'Cs by graphical inte- 
gration of the K X-ray photopeak obtained by use of the 3 in '3 in Nal(Tl) y-ray 
spectrometer The half-life of '®'Ba is m agreement with previously published half- 
life of 12 0 days obtained at this laboratory *'■*’ 

The half-lifc for *-**Cs was found to be 9 83 [_ 0 28 days 

DISCUSSION AND CONCLUSION 

Nothing reported in this paper affects the level assignments made on the basis of 
coincidence and other nuclear measurements obtained in the past Consequently, no 
discussion of this subject is relevant The absolute y-branchings as listed in Table 1 
should now make it possible to assay accurately '’‘Ba by y-spcctrometric methods 
The reactor neutron cross-scction for the reaction *®"Ba(«, )■)*'*’ Ba has been pre- 
viously reported*''*' as 8 8 barns Use of the ratio I 36 fields a value for 

**-Ba(H, ^^''^'’Ba of 6 5 barns 

R W Hayward, D D Hoi-i’ts and 1 1 Lrnst. R/;v' Kev 93,916(1054) 

R K Ciiii’rA, S Jha, M C' Joshi and B K Madan not o C iiirr/ifo 8, 48 (I9?8} 

E 1 WvAn S A Reynolds, 1 H Handily, W S Lyon and H A Parkir Sci C'ic/ie 

II, 74 (1961) 

H W WricjUT, E I Wyait, S A Rlynoids, W S Lyon and T H Handlly, \iicI St; 

2, 247 (1957) 

"^'W S Lyon, A;;f/ Sci 8,378(1960) 
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SPONTANEOUS FISSION HALF LIVES OF 
25icf, AND 


L Phiilips, R C Gath, R BRANDrt+ and S G Thompson 
L awrence Radiation Laboratory, University of California, Berkeley, California 

(Received i October 1962, tn tensed jonn 19 March 1961) 


Abstract —The remeasured spontaneous-hssion half-life ol ■‘’‘Cf is 60 5 0 2 days The spontaneous- 

fission half-life oM"Fm is determined to be 1 1 0 0 ^ I0‘ years The remeasured alpha-to-hssion 

ratio in the decay of ^'"Ct is ( 1 110 ' 45) The remeasured electron-capture/p' -decay branching ratio 
in -''™Es IS (0 078 ' 0 006) percent 

INTRODUCTION 

Larger amounts of short-lived fermium, einsteinium and californium isotopes became 
available recently when they were separated from a mixture of curium isotopes that 
had been reirradiated m the Materials Testing Reactor at Idaho Falls, Idaho (MTR) 
This has made it possible to remeasure the spontaneous fission half-lives of “^Cfand 
-"'"Cf with greater precision 

In addition, the spontaneous-fission half-life of -’’Fm was determined for the first 
time, and the ^'’’^Fm a-half-life remeasured The electron capture branching ratio of 
metastable ^''"'Fs was also remeasured 


bXPERIMF.NTAI PROCEDURTS 

The *''CI source, which contained only I 3’’„ •'■"Ct fission aclivity at the beginning of the ■■'*Cf 
hssion half-life measurement, was picpaicd by irradiating isotopically pure -'“I s at the MTR 
Standard chemical procedures were used to purify and prepare the ■‘ 'Cf sample 1 he “^'Cf sample 
contained less than 0 05 per cent of -’-Cf fission activity 

Neutron bombardment of -''Es produces ■‘■'"T s, which then decays to produce the daughters 
- 'I 111 and - 'Cf, as shown below 

■■'Fm — ^ -'"Cf 

I lir 


( 1 ) 


s I 

>■ 

Wl 'pS; 

The clectrcin-caplure branching ratio ot -mppii ,, measured by separating '’*Fm and “'‘C'l, 
which grew in from a pure sample of the -*’''"Es parent, on a column ot Dosses 50 X I2‘’„ cation- 
exchange resin by using ammonium a-hydroxy isobutyrate as the eluant The rates ot st-emission and 

* This work was done under the auspices of the U S Atomic Fncrgy Commission 
t This author wishes to thank the Bundcsmincstcriiim fur Atonikernenergie Bad Godcsberg, 
Cieimany for financial support during this work 
J Present address CERN, Geneva, Switzerland 

S G Thompson and M L Mvit/c, Pioceedint^^ o/ the Second Iniei naiioiial Cciift i ence on Peaceful 
Uses of Atomic hner^y, Oeneia. 1958 Paper P/825 United Nations (1959) 
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spontaneous (issuin in pure ’’Tin and -'‘Cf fractums were measured in a windowless proportional 
counter 

The Tni sample was obtained by separating it from its parent ’"Es, w'hieh had been chemically 
separated from other elements The T m sample was counted for y-partieles and fission fragments in 
two independent eounting systems The deeay of the "’"Fm fission activity was observed lor about 
100 hr (live hall-lises) 

I he - "Cl sample was obtained by separating it from an isotopieally pure ■“'^Ls sample, which decay 
as follows 

-n|,, ^ ! ^ ,2) 

/j f{ i\ i J hr 1 I > I ijs 

T he - "C I daughler had been grow ing into the parent sample for nearly one year before separation 
The -‘"tl lission-to-alpha ratio was measured in a window less pioportional counter 



T ime (days) — 

f Ki I -Spontaneous-fission hall-lile of ^'’’Cl 
RESULTS 

The measuretl -’’’'Fm fission/alpha ratio is (2 4 10 The remeasured 

'^‘’’F‘'m a-half'life is 19 9 1 0 3 hr This agrees well with a recent measurement by 
Asaro Our remeasured value for the ^’"Fm ot-half-lifc was used to caleulatc 

the spontaneous-fission half-life of (1 0 ' J[\') - 10^ years This value agrees 

well with Johansson's estimated value of 2 - 10'* years It also fits smoothly into 
the spontaneous-fission systematics as developed by Swiatecki 

The new value for the electron-capture//! -decay branching ratio in 254m£,^ ,5 
(0 078 ± 0 006 ) per cent 

The experimental value for the ^'^Cf alpha/fission ratio is (1330 it 45) The 
^^®Cf spontaneous-fission half-life is (I 73 T: 0 06) x 10* years based on a 13 year 
a-half-life for ^'’'’Cf 

F Asaro, Lawrence Radiation Laboratory, private communication 
S A E Johansson, Lawrence Radiation Laboratory, private communication 
W J Swiatecki, F/i/s Rev 100, 937 (1955) 

H Diamond, Argonne National Laboratory, private communication 
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A least-squares analysis of the data obtained by following the spontaneous-fission 
decay of ^^^Cf over a period represented by four half-lives yields a value for the ^’^Cf 
half-1 ife of 60 5 it 0 2 days This result includes a correction for the spontaneous- 
fission activity (1 3 per cent) from a small amount of ■^'’“Cf The presence of -'’’Cf in 
a sample of ‘-^’^Cf separated from jj unavoidable, as may be seen from Equation 

( I ) The correction involved measurement of the amount of -^^“Cf present in the source 
by means of an a-particle-pulse-height analyser From our value for the alpha/fission 
ratio of (1330 + 45) we obtain a corrected least-squares value of 60 5 days for the 
-^'•Cf spontaneous-fission half-life Because of the uncertainty in the -’’"Cf correction, 
an uncertainty of ±0 2 days is reported for the -’'*Cf half-life This is twice the standard 
deviation of I 0 1 day calculated directly by the least-squares analysis 

It might be interesting to note, that BuRBiDtii- et a! suggested that ^’’^Cf might 
hdve supplied the energy responsible for the exponential part of the light curves of 
Type-1 supernovae which decays with a (55 l l)-day half-life, since the hitherto- 
reported half-life for “^*Cf was (56 2 | 0 7) days In a more recent study, Hoyle 
et al suggest that this problem might be more complicated This suggestion is 
supported by the fact that the half-life of ■^'“'‘Cf does not agree with the above- 
mentioned decay of the light curves of Type-1 supernovae 

— We wish to thank Dr S Fried, as well as F MtCARinY,J Haley, J Rles, and 
L Giiisun lor their help in the experimental procedures We are grateful to Drs S A E Johansson, 
W J SwiAitcKi and F Asaro for helpful discussions 

E BuRHiiKiF, G BuriiidciE, W Fowler and F Hoyle, Reir \fod Ph}i 29, 547 (1957) 

J R Hui/fnoa and H Diamond, F/i is ftei 107,1087 (1957) 

F Hoy IE and W A Fowlcr, 4i,iroph\s J 132,582(1960) 
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DISCOVERY OF A NEW FERMIUM ISOTOPE* 

R C Gatti, R Brandt, L Phii lips and S G Thompson 
L awrence Radiation Laboratory, University of California, Berkeley, California 

(Received 8 October 1962, in revised fonn 19 March 1961) 

Abstract A new spontaneous-fission activity has been observed in a fermium fraction separated from 
120 ing of niiscd curium isotopes which had been subjected to an integrated flux of 2 4 x 10“ neu- 
trons pel cm-* at the Materials Testing Reactor, Idaho Falls Idaho (MTR) A least-squares analysis 
of the spontaneous-fission decay data yielded a half-lifc of 10 8 days with a standard deviation of about 

I * ^ days An estimated half-life of |^11 days is reported here The mass assignment is 

uncertain, but limited to d 258 or 257 

Irradiation of curium isotopes in the high-flux MTR has produced transcurium 
isotopes as heavy as “''*’Fm In recent years the amounts of transeunum isotopes 
have increased sigmhcantly A study of decay systematics suggested that "*'Fm might 
have a half-life of the order of days or longer It seemed laterestmg therefore to 
search for this isotope 

( heinical pioccdiiies 

The irradiated curium target material was purified by standard chemical procedures The 
fermium fraction separations and purilication wcic completed about 12 days after the curium irrad- 
iation in the MTR A separation factor of ^10® was obtained between fermium and einsteinium 
The fermium sample used lor the activity measurements contained ~-100 a-decays per min of *’“Es 
This source was prepared by electroplating on a platinum disk, and its a- and spontaneous-fission 
activity were studied lor a period of several weeks 

ACTIVITY MTASURLMCNTS 

Results of the decay of the 1 1-day spontaneous-fission activity in thv Fm fraction 
are presented m Fig 1 Decay of the spontaneous-fission activity in the fermium 
fraction was follow'ed with two independent counting systems The first system 
involved a wmdowlcss proportional counter with a background of about 1 fission 
cvent/day These results arc denoted by /< in Fig I In the second system, spontaneous- 
lission events were detected by a 1 in diam phosphorus-diffused solid-state detector 
and a multichannel pulse-height analyser with a negligible background These results 
are denoted by B in Fig I 

The background and contributions from other spontaneous-fission activities arc 
subtracted from the results shown in Fig I The calculated contribution of the isotope 
“”Fm to the spontaneous-fission activity of the sample'*’ amounted to 1-2 fission 

* This work was done under the auspices of the U S Atomic I iicrgy Commission 

t This author wishes to thank the Bundesministciiiiin tur Atomkeincncrgie Bad Godesberg 
Germany for financial support during this work 

+ Present address, CLRN, Geneva, Swilzeiland 

S G Thompson and M L Pi occedint;s of ihe Secemd Inlei national Confcicnce on Peaceful 

Uses of Atomic hncrs't, Geneia, Paper P/825 United Nations (1959) 

S pRiiDandH Schumacher, UCRL-10023, (1962) 

L Phhlips, R C Gatti, R Brandt andS G Thompson, / Inoii; l^iicl Chem 25 , 1085 (1963) 
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events per day at the start of counting This activity decayed with a half-hfe of 20 
hr Contributions oJ the isotopes (/j , 3 hr) and -’’Es --- 20 days) to 

the spoiUancous-fission activity of the sample were negligible In addition, the sample 
contained a long-lived isotope (/, ^ 3 months) with an activity of about 1 fission 

event per day 

Because of tlie presence of 100 of-decays per min of “^’Hs in the Fm fraction, it 
was impossible to observe Fm alpha particles which might have had energies less 
than 6 7 MeV 



I 10 20 30 I 10 20 30 

March 1962 April 1962 


Flci 1 Decay ot the new Fm isotespe Appro'ciniatcly fifty events have been directly 
observed 1 he aclivity is calculalcd Irom Ihc observed events and the geometry tactor 
Two dilfercnt sets of counters were used The background is substracted 

DISCUSSION 

The assignment of the proton number Z -= 100 to the ll-day fission activity 
IS based on the following considerations It was observed only in the fermmm fraction 
(The einsteinium fraction did not contain this activity — in any case, spontaneous- 
fission half-hfe systematics also indicate that an 11-day half-hfe is much too short 
for an einsteinium isotope ) The chemical separation of the mendelevium and fermium 
fractions, which was repeated, also rules out the possibility that the eleven-day 
activity is a mendelevium isotope It is not possible that the eleven-day activity is 
the mendelevium daughter of a /f-unstable fermium parent, because the last fermiuin- 
mendelevium chemical separation was completed twelve days after the end of the 
MTR bombardment If the half-Iife of the ^-unstable fermium parent is less than 
two days, it would have decayed by this date If the postulated half-hfe of the /?- 
unstable fermium parent is longer than two days, we would have observed the growth 
of the eleven-day daughter This consideration is also supported by an examination 
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of cross-sections necessary for the formation of a fermium isotope of mass number 
259, which IS also predicted to be the first /?-unstablc fermium isotope It seems 
unlikely that the eleven-day fission activity would be an isomer of a known Fm 
isotope ^'^Fm, ^"’’’Fm or -'’•'Fm Therefore, the mass assignment is most likely A — 257 
or 258 

/tcH/ioiv/crf^cinc/i/v -We wish to thank Dr S Fried, as well as F McCarihy, J Haley, L Gibson, 
J Ref>, L White and A Freoui ia for their help in the experimental procedures We arc grateful to 
Drs S A E Johansson, W J Swiatecki, and F Asaro for helplul discussions 
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ON THE SPECTRUM OF TRIPOSITIVE NEPTUNIUM 
IN SINGLE CRYSTALS OF LANTHANUM 
TRICHLORIDE 

J B Gruber 

Department of Physies, University of Calilornia 
Los Angeles 24, California 

{ReceiieJ 9 Janiiai y 1963, in nmeJ fot m 21 Fcbiiiaiy 1963) 

During the past several years the absoiption and nuorescence spectra of Np* (5/^) 
111 LaClj have been studied by the author at the Lawrence Radiation Laboratory in 
Berkeley, California, and the Institut fur technische Physik, der Technischen 
Hochschule, Darmstadt, Germany * While work is still progressing on the identifi- 
cation of all the crystalline Stark-split y-levels of Np'^+ in LiCI,, through continued 
experiments for the complete polan/ed fluorescence and Zeeman spectra and through 
a crystal-field splitting analysis for all Z-levels, it seems reasonable to report at least 
the extent of some of the progress made so far since additional progress will be slower 
and tedious because of the complexity of the details of the spectrum 

Using a Beckman lR-5 to cover the region below 2 0 /i and a Cary Model-14 to 
cover the region between 0 8 and 2 4 //, the infrared absorption spectrum of Np-* in 
LaClj has been investigated from 600 to 12,000 cm ' at 77" K Only the band widths 
of well defined peaks are recorded in Table 1 Greater resolutions and the absorption 
spectra at liquid helium temperature are needed to establish the accurate position of 
the structure appearing in the shoulders of the peaks reported in Table 1 Although 
plane polarized light was used m this study, the polarized absorption spectrum may 
be unambiguous only for the liquid helium data The three LaClj single crystals used 
in this study weighed 2 0 grams each and contained approximately 1 0, 7 0 and 
15 0 mg Np'’^(-'*’Np) 


Table 1 -Infra-rfd Absorption SPFriRUMOF Np^ in LaCI, 



7, Wavelength 
(/') 

Energy (cm ') 

1 

2 58 

3 880 

2 

2 53 

3 950 

3 

2 48 

4 010 

4 

1 40 

7,140 

5 

1 35 

7410 

6 

1 20 

8 330 

7 

1 18 

8,470 

8 

1 12 

8 930 

9 

1 09 

9 170 

10 

1 07 

9 346 

11 

1 00 

10 000 


‘The author IS particularly grateful (or the helpful comments ol Di J G Conwav oI the Lawrence 
Radiation Laboratory, Beikeley, Calilornia and lor the truillul discussions and kind hospitality of 
Professor K H Hei LwrtiE of Darmstadi, Germany 
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s/u\r/./ /Ulc' dcen photompli^'d that indicate fluorcsL 
tdkcs pJjcc horn '.LM.iJ/ ^Uik-Lomponcnt AueA m the near u/tra-v/o/ct ancf //♦// 
rt-po/js otihe pcLtumi M tod'll one c\citcd crysUlJine Stark-level has been estab 
hJicd as a level Dorn u hith nuoicsccnce takes place to the ground-state level, and 


ENEROy (cm~‘) 


10.000 


CALCULATED 

"FREE -ION" SPECTRUM 

>,?F, 

^ 


OBSERVED SPECTRUM OF 
Np*’(5i*)m LaCI, 


WlUMUrM 


3-.— ’F4 


8 . 000 


zirnm 


6,000 


4.000 ' *ij n'iniiiminn “ij 

2.000 

0 *14 V imimjv-ujn 

Flu I A. comparison of the ihcordical "free-ion" specirum of Np'’'(5/‘) wiih the 
obscived spectrum ol Np^' in I aCI, The calculated spectrum based on a f 2)20 
cm ',and/j 215 cm ‘ is given cm the Icit The observed specirum is iccorded on the 

right-hand side 

to energy levels 4000, 7300 and 8350 cm“’ above the ground-state level The Stark- 
sphtting of the level is about 200 cm ' Since not all the Stark-components of some 
of these levels have as yet been identified, it is difficult to give more exact values for 
the centres of gravity 

Since intermediate-coupling of the four 5/ electrons plays such a large role in the 
discussion of the energy spectrum of Np'’''(^‘'), it is impossible to establish the validity 
of the experimental y-lcvel assignment usingasimple Russell-Saunders-type calculation 
for the “frec-ion” spectrum However, now that the coulombic and spin-orbit 
matrices for arc available, one may calculate the intermediate-coupicd “free-ion” 
spectrum dnectly •' - In order to see whether or not the “free-ion” spectrum agrees 
with the observed levels, the author chose as a preliminary calculation ^ -- 2120 cm ', 
Fj ^ 235 cm ^ and the 5J hydrogenic Slater ratios FjF.^ — 0 1422 and FJF^ - 
0 0161 The choice of parameters for a preliminary calculation is not unreasonable 
if we consider the parameters used by other investigators for tripositive actinide 
spectra'^ ® See Table 2 

E r Reillv, Wiis Her 91, 876 (1953) 

M H Crozilr and W A Runciman.^ Chem Ph}\ 35,1392 (1961) 

S HurNER, Z PInv 164,257 (1961) 

J G Conway. J B Gruber. E K Hulei. R J Morrow and R G GuTMACHiR.y Chem Phys 
36,189 (1962) 

J B Gruber and J G Cisnway, Z Chem Phys 34,632 (1961) 

H Lammfrmann and S G Conway, Lawrence Radiation Laboratory Report, UCRL-10257, 
Berkeley, California 
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The results from this calculation for all levels between 0 0 cm ' and 12,000 cm“* 
are given on the left-hand side in Fig 1 * While additional spectral lines are observed 
between 11,000 and 12,000 cm ’ other than those assigned to a 7 4 level, there is 


Table 2 — The spin-oruu and Tj parameters eor ceriain irtposihvi ac unidl ions 




C, (spin -orbit parameter) 

/ . (Slater parameter) 


Ton 

Configuration 

(cm ') 

(cm ') 

Reference 

CP- 

5/" 

4000 

too 

4 

Am“- 

r 

2600 

225 

5 

PiP' 

5/' 

2290 

245 

6 

Np“ 

5r 

2120 

23 S 



still not enough experimental evidence to establish these lines as transitions to the 
crystalline Stark-eomponents of they-levels, and ^4, theoretically predicted The 
experimental energy spectrum between 0 0 and 12,000 cm ^ is given on the right-hand 
side in Fig 1 Any additional LSJ assignments will not be made until the Zeeman 
splitting IS known and until the crystal-field-splitting analysis is complete Likewise, 
it IS difficult to obtain more refined Slater and spin-orbit parameters until more 
information is known regarding the expeiimcntal energy spectrum above 12,000cm~^ 

*The author wishes to thank the UCLA Western Data Processing Center for the use of the IBM 
7090 machine 
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THE SF, ANION 

R TuNDERaiid B Sifgii 

Laboratories Division, Aero'^pacc Corporation, El Segundo, California 

{Received 1\ fehruary 1963, in reined form 14 March 1963) 

Abstract — Eormation of a new type of anion, SEj , is described Salts of this anion with simple metal 
cations arc not stable, but the tetramethylammonium salt is reasonably stable, exhibiting a small 
equilibrium dissociation pressure at room temperature The tetramethylammonium salt of SF,C1" 
decomposes readily at this temperature These salts of penlavalent sulphur were prepared by reacting 
liquid SF, with the corresponding tetramethylammonium fluoride or chloride 

Salts containing anions of the type have not been previously reported As a 
general rule the compounds in which second period elements such as sulphur exhibit 
maximum coordination numbers arc the fluorides of these elements Thus the SF,;^ 
anion is the most probable anion of this type that should be capable of stable exist- 
ence However, while alkali metal salts of SeF- have been prepared by the reaction 
of SCF4 with alkali fluorides, the comparable reaction with Sr4 does not proceed 
Bartlett and Robinson found that SF4 will not complex with CsF We have con- 
lirmed the latter results, finding that SF4 will not complex with CsF or BaFj, even at 
temperatures down to — However, we have also found that SF4 will react with 
(CH,)iNF to form an adduct whose stoichiometry approaches unity In many 
complcxing reactions reported for SF4, it reacts with fluorides that are strong fluoride 
ion acceptors, the SF4 transferring a fluoride ion to form salts of the SF,"^ cation 
However, in the case of the SF4-(CH,),NF reaction, the opposite is clearly true and 
(CHj) 4NF furnishes a fluoride ion to SF4 to form (CH4)4N ' SF,i“ 

The evidence for the formation of an ionic complex when SF, is reacted with 
(CHgljNF IS substantial Despite the magnitude of the SF, used, if this reagent is in 
excess the stoichiometry of the solid product which is formed is about 0 9 SF, 1 0 
(CH3)4NF This stoichiometry is obtained from both the increase m weight of the 
solid reactant and the quantity of SF4 consumed That no side reaction occurs is 
confirmed by the infra-red spectrum of the residual gas phase, which is simply that of 
SF, The complex can be conveniently dissociated almost quantitatively to the 
original reactants by heating However at 25 'C, there is only a small equilibrium 
pressure of 2-3 mm of SF4 above the solid, as verified by the infra-red spectrum of 
the gas, upon standing for several days at ambient temperature the equilibrium 
pressure did not rise above this value At 38 '^C this pressure rises to 7 mm and is only 
19 mm at 60 °C The complex is also stable in solution and does not decompose when 
dissolved in dimethylformamide 

Despite the solubility in dimethylformamide the co nplex is not soluble in most 
organic solvents and reacts readily with water, nitromethane and monomethylform- 
amide (with active hydrogens) This solubility in a solvent of high dielectric constant 
indicates the polarity of the complex Further its infra-red spectrum exhibits the 
major absorption peaks characteristic of the (CHj)4N^ cation (identical in its halide 
salts) The infra-red spectrum of the complex in dimethylformamide solution 

E E Aynsley, R D Piacock and P L Robinson, 7 Cheni Soc 1231 (19S2) 

''' N Bartlett and P L Robinson, J Chem Soc 3417 (1961) 
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exhibits d new peak at 14 8 but the principal SF 4 peaks at 1 1 3 - 1 1 5 and 1 3 7 /y are 
absent from the spectrum This shift to lower frequencies is characteristic of anions 
formed by incorporation of lluorine ions into the structure of lower covalent fluorides 
ol second period elements * 

Although the complex (CHtfjNSbr, certainly represents a new electronic con- 
figuration for sulphur compounds, not many compounds of this type can be prepared 
Simple metal cations apparently cannot form stable salts of SFg^, and complex cations 
similar to (Cim^N are required, substitution of the bulky Q.Hj group for one of 
the CH, groups in (CHj),N' also prevents formation of a complex The reaction 
between SF, and (CH^),NCI leads to the formation of a very weak complex which 
decomposes readily at 25 C, thus the SF 4 CF anion is not very stable 
Details of the complexmg reactions are given below 

rXPf RIMENTAI 

Prepaiunoiis o] lecictaiils 

Sulphur tclianuoriiii,, as obtained Iroin the Du Pont Co , contained varying amounts of Sif^ 
and sot ^ It was purilicd by a melliod based on a suggestion by BARTLi-rT and Robinson’^’ Equiv- 
alent amounts of SFj and Hb, were reacted m a high vacuum line to form SFj'BEj , from which 
the volatile impuiitics weic distilled The complex was biokcn by addition ol dry dioxane which 
displaces Siy and the latter was distilled at 60 C Purity was verified by inspection of the infra-red 
spectrum ol the SF j 

Tctramethylammonium fluoride was prepared by reacting equivalent quantities of (CH 3 ) 4 NC 1 
with Kl- in methanol The resulting (CHsliNF was iscilatcd from the supernatant and recrystallized 
Irom isopropanol, the absence of a bifluoride impurity was verified by the absence of a bifluoiide 
frequency in ihc infra-red spcclrum of the product In previous experiments the tCH,)jNF had been 
prepared by the reaction between (CHi) 4 NOH and HF but this always led to the formation of a 
bifluoride impurity CcH .(CHdiNF was prepared by neutrali/alion of the hydroxide with HF, but 
in this case the intra-red spectrum of the product indicated the absence of a bifluoride impurity 

Co tuple I in" t end ion r 

A large excess of Sf 4 was distilled onto approximately one gram of dry (CH 3 ) 4 NF By main- 
taining the reaction at 40 to 20 C, the SF, was kept in the liquid slate and (CH,) 4 NF was 
essentially dissolved in excess SF, Detection of reaction was noted by distilling the excess SF 4 and 
reweighing the solid It was observed that a gradual increase in weight ol the solid reactant occurred, 
which ceased after four hours At that point the increase in weight ot the solid (originally (CH^liNF) 
corresponded to approximately 0 9 SF, 1 0 (CH,),NF That was indeed the stoicheiometry of the 
product was further verified by independent measurements of the SF, consumed during the reaction 
The infra-red spectrum of the SF, before and after the complexmg reaction was essentially un- 
changed Together with the stoichciometric determinations this verified that the complex was simply 
(CH 3 ) 4 NF(SF,)„„ 

Under similar conditions there was no indication of complex formation between SF, and CsF 
or BaFi tCFTliNCI was also reacted with SF, but no indication of strong complexmg occurred, 
some weight increase was observed but the product decomposed readily at room lemperaUire, again 
releasing the SF, A complexmg reaction between SF, and C,H 5 (CH 3 ),NF was attempted, but there 
was no weight increase at all 

Infra-red spectra were taken in the range 2 15 /i The spectrum of the solid product was taken 
m a KBr pellet and m dimclhylformamide solution 

* In the 2-15 micron range, there is one principal frequency at 9 7 /x for SiF,,'“' In NajSiF,, 
the peak has shifted to 13 9 p We have observed that [(CHal^NIljSiF, also exhibits an absorp- 
tion peak at 13 9 /i 

I” D C McKean, / Chew Phys 24,1002 (1956) 

F A Miller and C H Williams, /Iw/jr Chew 24,1253 (1952) 
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CO-ORDINATION COMPLEXES OF NIOBIUM AND 

TANTALUM— I 

COMPLEX FORMATION OF NIOBIUM AND TANTALUM PENTAHALIDES 
AND NIOBIUM (V) OXYCHLORIDE WITH ACETYLACETONE IN 
ALCOHOL SOLUTIONS AND FORMATION OF OXO-DICHLORO- 
ACETYLACETONATO NIOBIUM (V)* 

C Djordjevic and V Katovic 

Laboratory of General and Inorganic Chemistry, Faculty of Science, 

The University and Institute “Rudjer Boskovic Zagreb, Yugoslavia 

{Received 15 December 1962, m revised form 12 Mm eh 1963) 

Abstract — Complexes of the type MXjAcAclOR),., where M - Nb(V),Ta(V), X — CI,Br, AcAc = 
acetylacotone, R == CHj, have been prepared from the metal penlahalidcs and acetylacetonc 

in the parent alcoholic solutions They arc stable crystalline substances, but in solutions in alcohols 
interactions with solvent molecules occur, as is evident from conductivity and molecular weight 
studies Powder X-ray diffraction photographs have shown that the methoxo chloro and bromo 
derivatives of niobium and tantalum are isomorphous, the analogous ethoxo complexes forming 
another isomorphous group Infra-red spectra have been analysed and a tentative assignment of 
some characteristic vibrational modes is given Metal-ligand vibrational modes appear at 
Ircquencics close to those in other metal acelylacetonates and metal alkoxides 

Under similar experimental conditions, starting from NbOCI, and acetylacetone in methyl and 
ethyl alcohol solutions, complex derivatives of the same type, NbCljAcAcfOR);, have been isolated 
These results imply the unexpected solvolysis of the niobium-oxygen bond in alcohol solutions 
A compound of the formula [NbOCLAcAcJx has been isolated from the reaction of NbOCL 
with acetylacetone Infra-red spectrum of this oxo-dichloro-acctylacctonato niobium (V) reveals the 
presence of co-ordinated acetylacetone and the vibrational modes of the niobin-n- oxygen double 
bond Deuteration studies permitted the assignment of some bands 

Very few co-ordination complexes of niobium and tantalum have been reported so 
far and among them only some have been studied by modern experimental methods 
Earlier work" >2) has shown that /J-diketone complexes can be formed and some 
formulae were proposed, but further experimental evidence is necessary to confirm 
them However, the co-ordination numbers seven and eight have been well estab- 
lished in complex fluorides It is to be expected that interesting stereochemical 
arrangements are present in co-ordination compounds of these two metals with 
different ligands More recently*®’ alkoxides of Nb(V) and TafV) have been prepared 

* Reported at the 7th International Conference on Co-ordinalion Chemistry, Stockholm and 
Uppsala (1962) 

A Rosenheim, E Roehrich, Z Anorg Chem 204,342(1932) 

H Funk, fltT Dtsch Chem Ges 67, 1801(1934) 

'■”3 L Hoard, / 'Amer Chem Soc 61, 1252 (1939), M B Wii liams and J L Wosko, Ibid 64. 
1139 (1942) 

J L Hoard, W J Martin, M E Smith,) F Whitney, / Amer Chem Soc 76, 3820 (1954) 
D C Bradley, W Wardlaw and A Whitley,/ Chem Soc 725 (1955), 1139 (1956), D C 
Bradley, B N Chakravarti and W Wardlaw. Wurf, 2381 (1956) 4439 (1956) 
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They arc mainly dimcnc, retaining in this way a co-ordination number six The 
hydrolysis of tantalum penta-alkoxides in solutions of the parent alcohols under 
controlled conditions leads to the formation of polymeric oxo-alkoxides, the poly- 
meric structural models involving six-co-ordinated tantalum as well Formation 
of 1 1 complexes of metal pentachloridcs and bromides with dicthylether,’^’ dimcthyl- 
and diethyl-sulphides has been reported***' and a 1 2 complex has been observed 
with tctrahydrothioplicnc Adducts of the metal pentahalides with pyridine,*®' and 
derivatives with aliphatic amines have also been described 00,11,12) 

We have started an investigation of complex formation of niobium and tantalum 
pentahalides with different ligands, under various experimental conditions A group 
of complexes of the type MX^AcAc(OR)^ is discussed here The bromide deriva- 
tives of this scries are new complexes The synthesis of analogous chloro compounds 
was reported earlier,*"" but no further studies were performed This group of com- 
plexes IS particularly suitable for mfra-red investigation, as it allows the study of 
spectral changes, dependent upon substitution of the metal, the halogen ion or the 
alkoxo group present 

The complex formation by niobium (V) oxychloride studied under similar experi- 
mental conditions, has also been examined Cleavage of the niobium-oxygen bond 
in NbOClg was observed in methyl and ethyl alcohol solutions, leading to the 
formation of complex derivatives of the type NbCl^AcAc(OR)2 

So far, no complexes obtained by removing the chloride ion in the niobium 
oxychloride molecule have been reported in the literature Oxo-dichloro-acctylace- 
tonato niobium (V) has been obtained in the course of these experiments and its 
properties are described The infra-red spectrum of this compound and its deuterium 
derivative are analysed and some characteristic vibrational frequencies are assigned 
A preliminary account of some results of these experiments has already been 
published 

IXPhRIMhNTAL 

I Picpaiation oj niobium and tantalum pentahalides 

NbCh was prepared from freshly precipitated Nb^Oj by chlorination with chlorine in hexachloro- 
butadiene solulion"^' The substance obtained was purified by sublimation in vacuo 

TaCh was prepared from freshly precipiiated TajOj and AICI 3 The mixture of stoichcio- 
metricai amounts ol reactants was heated m an evacuated scaled tube at 400“C for 48 hr The TaClj 
formed was separated by vacuum sublimation 

NbBrj and TaBrj were prepared from ihe trcshly precipitated metal oxides and AlBr, It is 
necessary for the aluminium bromide to be in a large excess (about three times the stoicheiomefrical 
amount) in order to prevent the formation of bromine The reaction mixture was heated in an 
evacuated sealed tube for 48 hr On slow cooling orange leaflets of TaBrj or red leaflets of NbBrj 
were obtained The bromides were purified by sublimation in vacuo 

D C Bradley and H Holloway, Cu/wd’ J Chem 39, 1818 (1961), 40,62 (1962) 

A Cowley, F Fairbrother and N Scott, 2 Chem Soc 3133 (1958) 

F Fairbrother and J F Nixon, / Chem Soc 150(1962) 

H C Clark and H J Emel(us, / Chem Soc 190(1958) 

P J H Carnell and G W A Fowlfs,/ Chem Soc 4113 (1959) 

P J H Carnell and & W A Fowles, / Less-Common Metals, 4, 40 (\962) 

C Bradley and I M Thomas, Canad J Chem 40,449(1962) 

C DjTRDJLVid and V Katovic, C/tew and fndustr , 4\\ (\963) 

““ T b Austin, S Y Tyrll, / Inorg NucI Chem 14, I4I (I960) 

M Chaigneau, C R Acad Set , Pans 243, 957 (1956) 
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Piepaialioii oj inohi urn ( y) oxychknule NbOClj was prepared from Ireshly precipitated Nb^Oj'"'' 
and AICI3 By heating a mixture of 4 g Nb^Oj and 5 g AICI3 in an evacuated sealed tube on 240 C 
for 48 hr praelically no NbCtj was loimed, and the reaction produet was NbOCl, On slow cooling 
large, necdle-like white ciystals can be obtained, and the rest ol oxychloride is obtained by sub- 
limation in vaiuo at 10 mm Hg and 240 C 

Picpmation of lantaliiiniy) oxychloi ide TaOCIj was prepared by the method of Fairbrother 
el a! by pyrolysis of tantalum pentachloi ide diethyl ether complex 

2 Pi eparation of dichloro-acelylacelonalo-diulkoxo-niohium (V) and taiiluliim ( F) 

The complexes were prepared as dcsciibed by Funis Vacuum sublimation was sometimes 
necessary to obtain them in a pure (01 m At 10 - mni Hg the compounds can be easily sublimed 
belw'ccn 1 30-1 50“C At lower temperatures the process is too slow (hound C,25y, 11,4 1, Cl, 
215 C.H,,O.Cl.Nb reeiuiics C,25 8, 11,40, Cl, 218 1 oiind C, 20 7, 11,3 2, Cl, 16 3 

C-Hi/HCl.l a requires C ,20 4, H, 3 2, Cl, 17 2 Found C ,29 5 , 11,4 9, C 1, 19 6 CjH, ,04CI,Nb 
icquiics r, 30 6, H, 4 8, Cl, 20 I hound C. 24 0, ll, 3 5, Cl, 15 7 C„H, O, ('I, Ta requires 
C, 24 5, If, 3 8, Cl, 16 I 'T,) NbCI .AcAc(OR) ,, where R CHj, C.IF were also obtained by 
dissolving NbOCI , (0 7g) in the paicnt alcohol (I ml) and adding acetylaeetonc (0 4 ml) to this 
solution Yellow crystals were formed almost immediately, ticatcd as described above and sublimed 
at 10 ■ mm Hg between MO 150 C {Found C,25 6 , H,4I Cl, 22 3, Mb. 28 6 C-H,,0,CI.Nb 

requires C, 25 8 H, 4 0, Cl, 21 8 Mb, 28 5 Found C. 29 9, H, 4 8 Cl, 20 6, Mb, 24 8 

CjHijOiCKNb rcquiics C,30 6, H, 4 8, Cl, 20 I . Mb, 26 4“,,) 

3 Pupuiulion of (Jibioino-acelylacelonalo-dudkoxo-niohiuni ( F) oiul taiuahiin ( F) 

All these compounds were prepared by dissolving metal penlabromides (I g) in parent alcohol 
(0 5 ml) and adding acetylacctone (0 2 ml) to the clear solution The crystals obtained were filtered 
oil, washed with a small amount ot alcohol and petrol ether and dried m i in no They were sublimed 
at 10 - mm Hg between I 20 and 140 C Hound C,20 0, H 32, Br 38 6 C-HijOiBrjNb lequires 
C,204, H,32, Br,38 6 1 otind C,I77, H 28, Br,3l3 ('-H.jO^Br.Ta requires C.168, H, 
2 6, Br, 318 hound C,23 5, H, 4 2, Br 36 5 C,H,;() .Br,Nb leqiiires C, 24 4, H. 3 9. Br, 

362 Found C, 20 3, 11, 3 1 , Br, 30 3 C.ll„0,Bi ,1a requires C. 20 3, H, 3 2, Br, 30 2‘’„) 

All the preparative work was done m a dry-box, because of the water sensitivity ol the metal 
halides AnalaR methantil and ethanol were purihcd and dried by standaid procedures and AnalaR 
aeelylaectonc was dried by anhydrous sodium sulphate The niobium and lanialum dihalogeno- 
aeetylacetonc-dialkoxo complexes obiamed are much less sensitive lo moisture than the metal 
pentahahdes In a desiccator they can be kept for months without decomposition 

4 Preparation of oxo-du hloi o-acet\ lacelonalo niobiiiin ( F) 

To finely ground NbOCIi (.0 5 g) acetylacctone (5 ml) was added The reaction was earned out 
m a dry box with dry acetylacctone The reaction mixiuie was shaken lor a while and soon the 
solution became yellow and a yellow precipitate was tormed The substance was lilleied off, washed 
with petrol ether and diicd in laiiio The compound does not melt, but decomposes above 200 C 
It IS not soluble in common solvents (Found C,2I8. H, 2 7, Cl 24 8, Mb 33 1 CiH-OjCFNb 
requires C,215, H, 2 5 , Cl, 25 4, Nb, 33 3 "„) 

Preparation of deuleialed [NbOCUAcAc], The deuleralcd complex was prepared as described 
above using deuterated acelylacetone, prepared as follows 15 ml of Ireshly distilled acetylacctone 
was dried over anhydrous MajSO, and then shaken with 3 ml D^O (99 9 per centl for I hr The 
mixture was left overnight, D^O separated and acetylacctone dried again over Na.SOj 

5 Anulvxis 

Niobium was determined gravimetiically and weighed in the lorm ol the pentoxide Chlorine 
and bromine were dctei mined volumelrically with 0 I M and 0 01 N AgNO, and diehlorofluorcscein 
and cosin as indicator foi chlorine and bromine respectively Mieroanalvses lor carbon and hydrogen 
were obtained 

F Fairbrothi-r and J B Taylor, / Client Soc 4946(1956) 

'*■' M Chaioneau, C R Acad Set . Pans 743. 957 (1956) 

F Fairbrothi R, A H CoweivandN Scott,/ Less-Coiniiion Metoh 1, 206(1959) 
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6 Physical rticamrcmenl’i 

Molecular neii^ht dcicrmmaiions Molecular weight of the complexes in the parent alcohol 
solution was detcimincd ebulhoscopically, by the method of Sucharda Bobranski All possible 
precautions weic taken to exclude moisture, which causes hydrolysis of the compounds However, 
the pi 1 ol these eaielully prepared solutions was always below seven, the acidity implying solvolysis 
The results obtained aie presented in Table 1 They represent an average value obtained from three 
or moie determinations in a concentration range e>l 0 02-0 04 molar solutions, the error amounting 
to about 5 pel cent 1 he coneeiitralion range was limited by the solubility of the complexes The 
determination ol the molecular weight in a nonpolar solvent was not possible because of the in- 
solubilitv ol the eompotuids 

7 C onJuclii It y iiictisuniiiiJils 

1 he eondiietivity of the parent 0 01 M alcohol scilutions ol the complexes was measured at 25' C 
All possible piccautions were taken to exclude water The alcohols used were purified by the con- 
ventional methods (CTI,OH, i 14 10 " CJI,,OH, 2 68 10 ") The results of 

two separate runs involving alcohols of dillcienl initial purity, as checked by measuimg the solvent 
conductivity, gave lairly consistent results foi specific conductivities of the 0 01 M solutions, with 
the ei ror given in Table I T he coriesponding molar conductivities are therefore of the order 159-167 
lor methyl and 46-64 lor ethyl derivatives 

Injia-icd sped! a The mfia-red spectra weie recorded in the region of 4000-400 cm S on a 
Perkin T finer Model 221 , equipped with a gialmg and KBr prism Nu|ol and hexaehlorobutadicne 
were used as mulling agents for dillerent regions of the spectrum and the KBr pellet technique was 
employed to obtain ficqucncies covered by Nujol around 1400 cm ' It was lound that lontc exchange 
occurs to a ccitain extent in the KBr disks, and ficqucncies given in Tabic 1 are generally derived 
from nujol and hexaehlorobutadiene spectra 

Magnetic susccpiibdirv Measurement of the magnetic susceptibility of all the compounds was 
performed and Gouy method was employed The complexes proved to be diamagnetic 

X-iay c\anuitatioit\ Powdet diffraction photographs were taken by using nickcl-hltered Cu 
radiation with Philips powder camera <4 57 54 mm ol specimens enclosed in a 1 indemann glass 
capillary of 0 3 rnm diam 

RtSULTS 

In addition to the previously known chloro complexes of the type MCIjAcAc(OR)^, 
M - TNb,Ta, R CHj,CjHg, the new corresponding bromo derivatives were pre- 
pared Niobium and tantalum dihalogeno-acetylacctonato-cfialkoxo complexes are 
crystalline, stable substances with similar properties (sec Table I), not soluble in the 
common nonpolar organic solvents, but soluble in alcohols In water they undergo 
hydrolysis The complexes can be easily sublimed in vacuo and melt without decom- 
position The melting points of the methoxo and bromo-derivatives are generally 
higher than the melting points of the analogous ethoxo and chloro derivatives The 
colour of niobium and bromo derivatives is deeper than the colour of the related 
tantalum and chloro complexes The substitution of chloride by bromide ligand 
does not change the crystal structure Insertion of the ethoxo group however, 
changes the molecular arrangement in the solid state It was found that all the 
methoxo derivatives of this type are isomorphous, analogous ethoxo derivatives 
belonging to another isomorphous group 

In the Table 1 molecular weight determination values are presented, obtained 
in solution of the parent alcohols In agreement with the conductivity data given in 
Table 1 and acidity of solutions, these results imply that the molecules of complexes 
undergo solvolysis and rearrangement occurs, involving probably an equilibrium 
between some new neutral and ionic species, formed by the attack of the solvent 

In the Table 2 frequencies of the infra-red spectra of complexes MXjAcAcCORlj 
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are listed It was found, as expected, that the general shape of the spectrum differs 
very little on changing the metal or halogen ligand, the alkoxo group being of more 
influence The infra-red spectra of the complexes show the presence of the co- 
ordinated acetylacetone and vibrations of the alkoxo groups The position of the 
metal-oxygen vibrational modes associated with metal ligand bond for alkoxo and 
acetylacetonato metal-oxygen bond, corresponds with the expected bond order, 
as found in the infra-red spectra of similar complexes 

On treating NbOCIj with acetylacetone in methyl or ethyl alcohol an interesting 
phenomenon was observed The compounds formed and isolated under these con- 
ditions proved to be of the type NbCbAcAclOR);, Therefore the solvolysis and 
breakage of the niobium oxygen bond occurred, which was unexpected For this 
reason all possible experiments have been performed on the isolated complexes to 
confirm this conclusion On the basis of analysis, infra-red spectra and X-ray powder 
photographs, it has been established that dichloro-acetylacetonato-dialkoxo niobium 
(V) complexes are formed, identical with the complexes obtained when the preparation 
IS started with niobium pentachloride 

Oxo-dichloro-acctylacctonato niobium (V) was prepared from niobium (V) 
oxychloride It is a pale yellow crystalline substance, not solub’e in common solvents 
In the Table 3 infra-red frequencies of this complex are listed in the region from 
4000 400 cm ^ and tentative assignment is given The spectrum shows the presence 
of a co-ordinated acetylacetone molecule Deuteration studies have permitted the 
assignment of ring C H modes, characteristic for AcAc" ligand The following 
bands have been found to shift on deuteration 3095 cm \ and 1185 cm ‘ The 
corresponding C — D vibrational modes have been found at 2290 cm ^ and 928 cm ^ 
These bands are assigned as acetylacetone ring C H stretching and in plane 
deformation vibration, respectively The vibrational modes of the niobium- 
oxygen double bond arc obsersed in the spectrum m the broad absorption range 
of 850 790 cm assigned by comparison with the spectra of niobium (V) oxychloride 
and chloro-acetylacctonato alkoxo niobium (V) complexes The X-ray powder 
photograph shows that the complex is crystalline and not isomorphous with 
the parent oxychloride According to the magnetic susceptibility measurements 
[NbOCFAcAcL is diamagnetic as expected for niobium (V), of electron 
configuration 

The preliminary investigations have shown that the behaviour of tantalum oxy- 
chloride with acetylacetone is not identical to the behaviour of NbOCI, and under 
the same conditions the analogous tantalum (V) compound is not formed 

DISCUSSION 

Dcnujiives of niobium {V) and tantalum (F) pcntaJialides 

The group of compounds of the type MX,AcAc(OR). represents an interesting 
system for studying the changes m the infra-red spectra on varying the metal the 
halogen and the alkoxo group present in the molecule X-ray powder photographs 
have shown that tiiobium and tantalum complexes of this type, possessing the same 
alkoxo group, are isomorphous and therefore on symmetry grounds the related 
vibrational modes can be compared The shifts of the corresponding frequencies 

C DjORDJEvid, J Lewis and R S Nyhoi m, / Cheni So< 4778 (1962) 
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can thus be ascribed to a certain extent to the alteration of the bond order of tlu 
bonds involved 

The list of infra-red frequencies i^ given in Table 2 Tentative assignment of soiiii 
bands can be made by comparison ol the spcctrii v\ith the well known spectra o| 
metal acetylacetonatcs'””’-' and some mfia-ied data already reported for mctjl 
alkoxides 7 wo strong bands at 1560 and 1530 cm found at almost the sann 

frecjucncy in all complexes of this lype, correspond v\ith C O and C C stretchinj.", 
of a co-ordinated acetylacetone molecule The band ranging in different complex<.^ 
fiom 1428 1420 cm ' is a combination band predominantly the sym C— O stretch 
of the co-ordinated CO group and C H deformation, found in simple acctylace 
lonates at 10 30cm ' higher frequency Another CH, -deformation vibiation 
frequency, appearing from 1345 1330cm ' is also lower than in the simple acetyl- 
acetonaies Small shifts ol this band are observed on passing from melhoxo to 
elhoxo dLiivafiVLS, indicating that the .ilkoxo ligand is involved in this vibration as 
well Id the rcuioD of 1300 1000 cm ' a number of bands appear, arising from both 
organic ligands, belonging to dilferent C- H .ind C - C vibrations A medium 
intensity single band is found at 1290 cm ' in all the complexes of this type Complex 
absoiption is then obscived, many vibrational modes overlapping in a band shape 
characteristic for methoxo and ethoxo derivatives The maxima of this absorption 
region arc metal sensitive, the one in tantalum complexes lying at a higher frequency 
They arc also halogen and alkoxo group sensitive, the absorption being of a complex 
origin, involving probably a M () C vibrational mode of the metal and the alkoxo 
ligand Metal sensitive strong broad bands appear again in the region of 600- - 
530 cm ' According to the position of the coriespondmg M — O frequencies m the 
niobium and tantalum penta-ethoxidcs, at 556 and 571 cm * for Nb and Ta respec- 
tively,*-” these bands obviously include a M— O mode of the alkoxo ligand However, 
the absorption is complex, probably composed of several vibrational modes In 
tantalum complexes these bands appear at about 15 cm ' lower frequency, in agree- 
ment with the mass effect of the metal atom The strong single band ranging in 
complexes from 457 to 446 cm ^ can be tentatively assigned as a M — O mode of the 
acetylacetonato ligand In this region no other strong absorption is expected from 
the ligand vibrations It is surprising that this band is not metal sensitive, except 
slightly in ethoxo bromides (shift of 6 cm *) This would imply a stronger bonded 
acetylacetone group in tantalum complexes, but to confirm this assumption, more 
evidence is necessary, in particular spectra in the lower frequency region Chloride 
and bromide ion have no influence on the infra-red spectra in the region examined, 
causing insignificant shifts in some ligand deformation vibrations 

As shown by molecular weight and conductivity data, and indicated by acidity of 
the solutions, the complexes of the type MXi;AcAc(OR )2 undergo solvolysis in the 
parent alcohol solutions. The study of this behaviour is not the concern of this paper 
However, a short discussion illustrating the experimental evidence is given In the 

L J Bellamy, The Infra-red Spectra of Complex Molecules Methuen, London (1958) 

Nakamoto, P J McCARiHYandA E Martell, / Amer Chem Soc 83, 1272 (1961), and 
references given there 

'•‘•“'C DJORDJbviC, Spectrochim Acta 17, 448 (\96l) 

C G Baraclough, D C Bradley,! Lewis and I M Thomas, 4 Chem Soc 2601 (1961) 

*’*' A P Simonov, D N Sioorin, T V T alalaev a, DoAl Akad Nauk SSSR, 141, 665 {\96\) 
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concentration range studied, which was limited by the solubility of the substances, 
consistent molecular weight values were found and reproducible specific conduc- 
tivities were obtained It appears therefore that in alcohol solution an equilibrium 
between different neutral and ionic species is present The solvent interaction 
may, for example, involve reactions of the type shown by Equations (1) and (2) 

llOH 

NbX 2 AcAc(OR),:i=±NbX,(OR)j i H' i AcAc (1) 

11 

INb^X^fORlo 

Roll 

NbX..AcAc(OR).T::^ NbXAc\c(OR)j : H- X- (2) 

It 

NbAcAc(OR )4 i H' |- X- 

Numbers obtained by molecular weight determination reflect then an average value, 
dependent upon the equilibrium concentration of the neutral and ionic species 
formed by solvolysis 

Dernatives of niobium (E) oxychloride 

In general niobium has a much stronger tendency than tantalum to form oxy- 
compounds Therefore the most striking feature of the results of this investigation 
IS the behaviour of NbOCI^ in methanol and ethanol solutions The reaction may 
be described by the general equation 

NbOCIj f HAcAc | ROH > NbCliAcAcfOR), H* -|- Cl ' i Hp 

The polymeric chains, existing m the parent niobium (V) oxychloride'-*'* are therefore 
broken m alcohol solutions, the solvolysis yielding the same reaction product as in 
the case of niobium pentachloride 

Action of acetylacetonc on powdered NbOCl 3 at room temperature yields 
a compound of the formula NbOClgAcAc One of the chloride lon'^ can therefore 
be easily removed with acetylacetone The insolubility, as well as decomposition 
without melting, imply that the complex formed is of polymeric nature, the solid 
state structure involving chlorine and possibly oxygen bridges, as found in the 
oxychloride itself The formula would be thus better represented as [NbOCEAcAcJj, 
Owing to insolubility it was not possible to determine the molecular weight of the 
complex 

In Table 3 the infra-red frequencies of oxo-dichloro-acctylacetonato complex and 
Its deutero-acetylacetonato parallel arc listed Characteristic bands can be assigned 
on comparison of this spectrum with the spectra of NbOClg, NbX 2 AcAc(OR),. and by 
reference to the well known spectra of metal acetylacetonates Sym and asym 
C — O stretchings are placed at slightly lower frequencies, implying a lower C — O 
bond order This should be associated with stronger Nb -O (AcAc ) bonds The 
position of the Nb — O stretching mode frequency at 470 cm^* is in agreement with 
such a conclusion, if compared with the related band located in NbCI,AcAc(OR)a 
at 455 cm' 1 The deuterium shifts for ring C — H stretching and deformation modes 
(’'ll/’'!) =" 0 740, and Vjfvjy - 0 783, respectively) are of the order found in cupric 

''‘'A M El-Aogan, D C Bradliy and W Wardiaw, 7 Chem Soc 4643 (.1958) 

‘^"’D E Sanos, A Zalmn and R H Elson, / tffa O v s/ 12,21(1959) 
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TAHLt 3 — Inir\-kh> spl< irum oi (NbOCljAcAcJ^ in cm ' 


I’robdbly assignment 


NbOCI,(C'H,COCIK()ril,) 

3045 11 
2465 ( 11 
2425 m 

11550 
1 1 540 ' 

1420 1,1 

I 365 
I 305 1 
I I 85 1 It 
I 170 I M 
11033 i„ 

iion J, 

940 1,1 

/85() i/t 
8 35 s/i 

820 t 

3 800 t 
678 „i 


646 1,1 
556 „i 
5 30 1,1 
470 s 
420 ti 


N bOC 1 ,( C H ,COC DC OC H j) 


2965 t'li 
2925 
2290 HI 
'1550 
1 540 ' 


[1515 t/i 
1 1420 


1410 

v/i 

1365 

/// 

1295 

s 

1 170 

1 M 

1030 

m 

1010 

sh 

940 

ni 

928 

m 

1830 

sh 

|820 

\ 

(800 

i/i 

1679 

m 

|669 

si, 

[660 

s/l 

647 

/// 

556 

nt 

527 

m 

470 

\ 

420 

t w 


King C — H strclch 
j Methyl C H stictch 
RingC D stretch 

I C C and C - O sliclch 

j C —O stretch i C -H def 

j CH, del and C — C stieteh 
Ring C -H in plane def 

Ring t' — D in plane del 

. Nb O mode, and 
I Some other deulcnum 
I sensilive modes 


Nb- O slieleh 


s strong, HI medium, It -weak, i tt very weak, t/t- shoulder 

acetylacetoiidle The corresponding out of plane C H delormation is expected 
in the region around 780 cm where it cannot be detected in this spectrum because 
of the strong absorption including the niobium oxygen double bond vibration 
However, additional bands arc found in the spectrum ot the dcuterated complex at 
669 and 660 cm ^ A characteristic feature of the [NbOCI^AcAcJ^. spectrum is the 
strong broad band with the joint maxima at 820 cm ‘ and 800 cm not present m the 
spectra of metal acetylacetonates, nor m the spectra of chloro-acctylacctonatoalkoxo 
complexes This band can be therelore assigned as a combination band including a 
niobium -oxygen double bond vibrational mode The corresponding peak appears in 
NbOCl,, at 770 cm^h as a broad band too, but covering a shorter wave length range 
It has been shown that the niobium (V) oxychloride structure is polymeric, the 
planar Nb,Clg groups jointed into infinite chains by Nb— O -Nb bonds Therefore 
the infra-red frequency at 770 cm * represents a vibrational mode of a lower 
bond order double bond In oxo-dichloro-acetylacetonato complex the corre- 
sponding band covers the region between 850-790 cm \ with a maximum at 820 
and 800 cm ^ In the deuterated complex the maximum at 800 cm ^ is not resolved 
and the absorption range is contracted, indicating in this way the complexity of the 
vibration, composed of several modes, some of them deuterium sensitive Jt is 



Co-ordination complexes of niobium and tantalum I 


1109 


therefore not possible to determine the exact shift of the corresponding frequency 
on passing from the oxychloride to oxo-dichloro-acetylacetonato complex and to 
derive from it exact conclusions about the alteration of bond character However, 
the pronounced dilTerence of about 50 cm ^ on passing from NbOCl-, to 
[N bOCL^AcAcJj. obviously indicates a higher double bond character of this bond 
in the acetylacetonato complex A frequency in the range 1100 900 cm ^ was as- 
signed as a metal- oxygen double bond vibrational stretching mode for a number of 
compounds containing 7i=0, V- O, Mo OandCr O bonds Compared with 
these values Nb O band appears at a lower frequency, in accordance with the 
Nb — O “ Nb type of bridging structure 

Aikiumledi^emenls- The authois arc grateful to Prof R S Nviioim, I R S , Prol D C BiiADCtY 
and Pi of D GitotNid for discussion They also thank B KoitPARandO Hao/uv for microanalyses 
and T Mac.ji r lor technical assistance in recoiding the spcctia 

C G BrraclouliM J LtwisandR S NvHOCM.y Cheiti Soc t552 (l959) 
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COMPLEXES OF URANYL ION WITH DIMETHYL- 
FORMAMIDE AND SEMICARBAZIDE*t 


N A pRic.iRioandR P Coliy 

Division of BiologiLdl and Medical Kescarch Argonne National Laboratoiy 

Argonne, Illinois 
and 

St Procopius C ollcge, Lisle, Illinois 

(^Received 15 October 1962 in icviscdjorni H March 1963) 

Recint conductivity meaburements of hydrated uraiiyl ion in various solvents*’* have 
indicated complete replacement of the water molecules of the first solvation shell by 
such Lewis bases as formamide, much in the manner of the well known ammonia, 
ether, ketone and phosphate complexes In the synthesis of organo-uranium com- 
pounds from Group land II organo-mctallics, a high-boiling, weakly basic, anhydrous, 
reducing solvent system was required Preliminary experiments showed dimethyl- 
formamide, sometimes in the presence of scnncarba/idc, to be the solvent system of 
choice The water molecules introduced with hydrated uranyl salts, however reacted 
so quickly with the organomclallics that little or no organo-uranium compound was 
formed Anhydrous uranyl nitrate*-’ proved dilPicult to prepare and store and. 
further, reacted so violently with the solvent that extensive side reactions occurred 
As an alternative we have been able to prepare and isolate some crystalline complex 
uranyl salts that have proven very useful synthetic intermediates 

Twenty-five grammes of [U02(H20)i](CH,C00)2 relluxed 10 mm with 25 g of 
dimethylformamide, HCON(CHj) 2 , and cooled to O ’C yielded a heavy crop of dense 
yellow rhombic crystals of uranyl dimethylformamide acetate Refractometry of the 
solution remaining showed that considerable water had been liberated during the 
reaction The product was recrystallizcd from boiling HCON(CH,)>. washed with 
cold acetone, and dried at 65 "C to constant weight The bright yellow crystals 
decomposed above 1 lO^C The compound was soluble m dimethylformamide, water, 
glacial acetic acid, acetone, methanol, ethanol and propanol-2 (Found U, 51 61, 
C, 18 29, H, 2 87, N, 3 01 , O, 24 22 Calc for [U02(HC0N(CH2),),](CH3C00). 
LF, 51 67, C, 18 23, H, 2 84, N, 3 04, O, 24 28",,) 

Similarly, 30 g [UOafHjOlbKNOj)^ refluxed for 10 mm with 29 g HCONfCHg),, 
cooled to 0°C, filtered, washed with cold acetone, and dried at 120 C, yielded 24 g 
(74 per cent) crude uranyl di(dimethylformamide) nitrate Recrystallization from 
boiling dimethylformamide yielded bright yellow crystals melting at 176 7-177 3'C 
(Found U, 44 09, C, 13 43, H, 2 67. N. 10-29, O, 29 52 Calc for [UOj 
(HC 0 N(CH 3 ) 2 ) 2 ](N 03)2 U, 44 06, C, 13 33, H, 2 61 , N, 10 37. O, 29 61 %) The 
compound, while soluble in water, glacial acetic, acetone, methanol and propanol-2, 

* Work performed under the auspices of the U S Aioiiul Lncigy Commission and supported m 
part by a National Foundation Undergraduate Research Grant 

t Taken, in part, from the B S Dissertation of Ronald F Coley, St Pr<.K'opius College, 1962 
B Jezowska-Trzebiatowska and M Chmiflowska, / Inoit^ NucI Chem 20, 106(1961) 

G Gibson and J J Katz, / Amer Chern Soc 73, 5436 (1951) 
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was less so than [UO/H^O)|J(NOj)^, and, unlike the latter, was completely insoluble 
in ether Aqueous solutions of these compounds gave refractive indices identical to 
those of Known solutions of the hydrated salts plus 2 moles of dimethyl formamide 
per mole of salt This suggested that the dimethyl formamide was bound to the uranyl 
ion but otherwise unchanged Similarly, chemical tests on aqueous solutions were 
positive for acetate or nitrate ions and infrared spectra confirmed the presence of 
unre-ariangcd dimethyl lorniamide and acetate or nitrate ions 

Ultra-violet and visible spectra of the uranyl di(dimcthylformamide) nitrate in 
water were identical with those of uranyl hexaaquo nitrate in water or ether 
Spectra of the uranyl di(dimethylformamide) nitrate m either ether or dimcthyl- 
form.imide, however, weic identical with those of anhydrous uranyl nitrate in ether 
This suggests that ether and dimothylformamide interact with the same orbitals of the 
uranyl ion, but that the latter ligand is much more firmly bound 

The Lewis b.ise scmicarba/idc, although capable of compiexing uranyl ion, failed 
to replace all of the watcis in the solvation shell A bright yellow solution was 
obtained .liter heating 0 01 mole of any of the uranyl salts listed below and 0 10 mole 
of scmicarba/ide hydrochloride in 25 ml of water lor 10 mm The solution was 
cooled to 0 C, and 5 ml pyridine and 25 ml ethei were added The resultant bright 
yellow monoclinic crystals were collected by suction filtration, recrystalli/cd from 
boiling water, washed with cold ether, and dried at 120 C to yield 0 0093 mole (93 
per tent) of |UCT(tUO)j(NH^CONHNIU)jJCI>. melting point 2I5^C with decom- 
position (round' U, 3'9 74,' C, 6 78, H, t'to. N, 2128, Cl, 11 76, O, 17 04 
Calc forfUO^(Hp),(NH,CONHNH,),]CI_, U. 39 53, C,600, H,3 18, N,2093, 
Cl, 11 76, O, 18 6'0'\,) 

d’he same compound, ui.inyl diaqtio tnsemicarbazidc chloride, was obtained 
using [(JO,(H,0)J(NO,),, [UO,(HCON(CH^).)J(NO,),. [IJO.dUOlJCL, or [UO, 
(H^,0 )^J(CHjCOO) 2 'I his indicated that the chloride salt was either less soluble or 
more readily formed than the nitrate or acetate The complex chloride was soluble 
in cold water or hot glacial acetic acid, but insoluble in hot or cold propanol-2, ether, 
methanol or acetone The complex chloride was formed in the absence of pyridine also, 
but in much lower yield and far more slowly Since bases such as pyridine can act 
to yield free scmicarba/ide from its hydrochloride,*'*’ it would appear that the Lewis 
base scmicarbazide, and not the scmicarba/idonium ion, is the reactive species 
Addition of excess silver nitrate to an aqueous solution of the complex salt yielded 
two moles of silver chloride per mole of salt, indicating that the chloride of the 
complex salt existed as a simple anion 

The fact that repeated recrystallization from boiling water failed to increase the 
number of bound waters is consonant with the spectral evidence from the di-dimethyl- 
formamidc, hexaaquo and ether complexes This is also m agreement with the 
observation that attempts to remove the waters from [UO/H^O)^](NOj)^ result only 
in decomposition to UjO^j These results suggest that two of the available hydration 
sites of uranyl ion are of markedly higher energy than the remaining ones 

Attempts to prepare uranyl complexes containing both semicarbazide and di- 
mcthylformamide failed Refluxing [U02(H20)3]Cl2 and semicarba/ide hydro- 
chloride in dimethylformamide resulted only m the evolution of ammonia, pre- 
cipitation of UO 2 and formation of NTI 2 CONHNHCONH 2 (biurea) The latter was 
L F Audrieth,/ Amer Chem Soc 52, 1250(1930) 
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identified from its melting point {259'^C, reported*’’ 257 'C), complete lack of ab- 
sorption in the ultra-violet, CONH (3170, 1620 and 1580 cm ’) and NH^ (1090, 
980 cm bands in the infrared, and elemental analysis (Found C, 20 24, H, 4 92, 
N 45 84, Cl, 0 00, ash, 0 00 Calc for NH^CONHNHCONH, C, 20 34, H, 5 12, 
N, 47 44 “J 

Although the same compound could be obtained by simple refluxing of semi- 
carba/ide in dimethylformamide, the reaction required many hours, rather than a 
few minutes, and liberated hydra?ine, rather than ammonia Hence, the formation 
of biurea in the presence of uranyl ion must be due to oxidation of the semicarbazide 
to biurea*^’ with the resultant production of ammonia and a very reactive and finely 
divided form of UO, The latter was identified by its X-iay difTr action pattern, 
conversion to U^Os at 750^C and solution m sulphuric acid to give the green uranous 
ion 

In addition to their possible interest as complexes the uranyl dimethylformamide 
proved useful, as anticipated, in permitting organomctallic syntheses impossible w ith 
the aquo salts Thus, reaction of uranyl di(dimcthylforma:n!de) nitrate with lithium 
phthalocyanine in dry dimethylformamide proceeded smoothly and nearly quanti- 
tatively, to uranyl phthalocyanine I he same reaction with uranyl hexaaquo nitrate 
gave only the hydrolysis product, dihydrogen phthalocyanme 

ickiton letli^ciiicnt — One of us (K h C ) wishes to ih.vnk the National Science houndalion Under- 
giadualt Research Parlicipalion Piograiu for hnancial support 

'■’P h WlilY, y ,4mc/ Chem <>00 76, 5176^1954) 

' ’ J BiiisTFiN, Handbuch dcr Organischen Chcmie 3, 116, I 56 II 95 III 229 Springci-Verlag, 
Berlin (1919) 
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ON MOLYBDENUM AND TUNGSTEN DIOXIDES 
AND DIOXYDICHLORIDES 

F Zai>o 

Department of Structural and Inorganic Chemistry, 

Institute “Rudjer BoSkovic”, Zagreb, Yugoslavia 

{Received 10 Auifust 1962, w levised form 28 January 1963) 

Abstract— A simple method for the laboratory preparation of molybdenum and tungsten (IV) oxides 
IS described The reaction is carried out by reduction of molybdenum (VI) and tungsten (VI) oxides 
with gaseous ammonia Dioxydichlorides of molybdenum and tungsten are obtained by partial 
chlorination of their (VI) oxides with carbon tetrachloride vapour .n an atmosphere of oxygen 
Temperatures for the oxidation of molybdenum (IV) and tungsten (IV) oxides are determined by 
means of diflcrential thermal analysis 


Growing interest in the coordination chemistry of molybdenum and tungsten made 
us devise simple quick methods for the laboratory preparation of their (IV) oxides and 
dioxydichlorides, which are, starting materials for the preparation of molybdenum 
and tungsten complexes 

Molybdenum {IV) and tungsten {IV) oxides Although there arc many published 
preparations of molybdenum (IV) and tungsten (IV) oxides, most of them were found 
unsuitable, requiring a lot of time, and some could not be reproduced at all 

Amongst a number of reducing agents which have been used for the reduction of 
molybdenum (VI) and tungsten (VI) oxides to the corresponding (IV) oxides, we have 
chosen ammonia gas for several reasons it is safe to handle, with excellent reducing 
properties at relatively low temperatures, comparable with those of hydrogen Accord- 
ing to earlier data'’ ^ reduction of molybdenum (VI) to molybdenum (IV) oxide by 
ammonia, can be carried out in a melt of ammonia molybdate, ammonium chloride 
and potash (or boric acid — in order to facilitate melting), or by gaseous ammonia 
Earlier data on the reaction between ammonia and tungsten (VI) oxide do not 
mention tungsten (IV) oxide as a product 

Molybdenum and tungsten dioxydu blondes Molybdenum dioxydichloride can be 
considered as the final product of the oxidation of different molybdenum chlorides 
and oxychlorides"'* but this is not the case with tungsten'" where oxidation proceeds 
to tungsten oxytetrachloride only One of the best chlorinating agents for metallic 
oxides, is carbon tetrachloride, but its action on molybdenum (VI) and tungsten (VI) 

J J BtRZELlUS, Ann 6, 335 (1826) 

W Muthmann, L/V* Ann 238, 116 (1887) 

M Guicharo, C R Acad Sci . Pans 125, 105 (1897) 

D K Tuttle, Gf* Ann 101, 287 (1857) 

' C Rammelsberg, y Prals Chem 97, 174(1866) 

C W Blomstrand, y Prak Chcm 71,466(1857) 

W FoRCHER,y Prak Chem 86,234 (1862) 

C W Blomstrand, y Prak Chem 89,238 (1863) 
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oxides leads to the formalion of a mixture of different inolybdenum or tungsten 
chloiidcs and oxycliloi ides 

RISLJl IS ANO DISCUSSIONS 
Molyhdenunt (IV) ami tun^slcn (IV) oxidas 

Contuuy to uianium (VI) oxide, molybdenum (VI) oxide and tungsten (VI) oxide 
are leadily ledueed by means of gaseous ammonia to metallic molybdenum and 
tungsten Iheicfoie a eaicful selection of leaction conditions, tempciature, flow- 
I ate of ammonia, and duration of reaction is required Rapidity of preparation and 
maximum yield of icaetion products on the laboratory scale were dcsiiable Tliere- 
foie high flou'-iales and tcmpeiatuie ueie necessary The leduction. carried out at 


TO ruMP 



first in a horizontal furnace, showed considerable diflerences in the molybdenum or 
tungsten content of the products, amounting to 0 35 per cent between the front and 
rear of the boat in which the oxides were placed Heating molybdenum (VI) and 
tungsten (VI) oxides in a xcrtical position (method of the “boiling zone”''"*’) was more 
promising The oxides were placed in a porcelain crucible, kept in the reaction tube 

C W Waifs, C A Bi i l, 7 C/iem Soc 33,441(1878) 

H Quaniin, C R Acad 5<i , Pan v 104, 223 (1887) 

P Camboulives, C R Acad Sci , Pam 150, 175 (1910) 
r WoniFR, Am 73, 198 (1850) 

(ui ^ yy NovosbKovA, K N Sermfnko Z/i Neorg 3, 2213 (1958) 
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of a vertical furnace Reduction was then uniform, except when oxide layer exceeded 
5 mm This difficulty was eliminated by using a Gooch crucible (holes about 0 5 mm) 
The amount of oxides to be reduced varied between 15-20 g, requiring 30-90 mm for 
completion 

In Fig 1 the form of the apparatus used for the preparation of molybdenum (IV) 
and tungsten (IV) oxides is shown It is important to mention that the apparatus was 
modified in some details commercial ammonia was introduced into the reaction tube 
diiectly from a steel bomb through a flow-meter The nickel rod was replaced by a 
steel one The receiver was removed as iinncccssaiy The appaiatus shown in Fig 1 
was also used for the preparation of molybdenum and tungsten dioxydichlondes 



Fio 2 

Ihe analyses of reaction products which were carried out by ignition in a stream 
of oxygen at 550 C showed only a slight difl'erencc (0 03 per cent max ) from the 
theoretical content of molybdenum and tungsten in MoO., and \VO^ 

In order to determine the temperature of oxidation of molybdenum (IV) and 
tungsten (IV) oxides, differential thermal analysis was used (Fig 2) It is evident 
that oxidation proceeds in a single phase, contrary to uranium (IV) oxide, showing 
distinct maxima at the temperatures of oxidation 

Molybdenum and tungsten dio\\di( blondes 

In order to piepare puie molybdenum dioxydichloride, free from othei reaction 
products, the chloiination of molybdenum (VI) oxide was cairied out with carbon 
tetiachloride vapour in an oxygen atmospheie using oxygen of commercial purity 
The oxygen, at a high flow-rate (about 280 mi/min) bubbled through a heated flask 
containing carbon tetrachloride and then passed through the apparatus shown in 
Tig I 7 he most lapid reaction was found using slightly pressed pellets of molybdenum 
(VI) oxide placed in a Gooch crucible The receiver was healed with a heating tape 
in order to prevent the condensation of the products of pyrolysis of carbon tetra- 
chloride 

Since the oxidation of the different tungsten chlorides and oxychlorides, occurring 
as impurities in the tungsten dioxydichloride preparation, proceeds only to the tungsten 
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oxytetrachloridc, it was evident that the method used in the molybdenum dioxydi- 
chlondc preparation could not be used The oxidation of tungsten oxytetrachloridc 
IS slow and incomplete, but its sensitivity to moisture (hydrolysis) like all molybdenum 
and tungsten tompounds having a high chlorine content, is much greater than that 
of tungsten dioxydichloridc Therefore the chlorination of tungsten (VI) oxide was 
carried out in the piesence of water vapour at a paitial pressure of about 42 mm of 
mercury In this way, pailial hydrolysis ol the tungsten oxytetrachloridc took place, 
with formation ol tungsten dioxydichloridc 

The products obtained aie very pure, molybdenum dioxydichloride foimed large 
pale to golden-yellow leaflets, and tungsten a lemon yellow ciystalline powder After 
careful drying in high vacuum we kept the samples in sealed ampoules unchanged for 
a long time 

rXPhRIMhNTAL 

Molyhilcnuni (II )<>\i(k Molybdenum (VI) oxide (15 g) was placed in a Gooch crucible which was 
introduced into a vertical hirnace as shown in t-ig I 1 he llow-rale of ammonia was 60ml/min 
Reduction was cairicd out at a lempcratiiic of 460 C during 25 mip The tempcraluic was regulated 
by means of a variable tiansformcr and measured with nickcl-nichiome thermocouple Molybdenum 
(IV) oxide in the form of a brown powdei , was lett overnight ovei concentrated sulphuric acid Analy- 
sis, Ignition at 550 t lo molybdenum (VI) oxide gave Mo 75 00, MoO^ requires Mo, 74 

lims^uen {IV)o\ulc 1 ungsten (VI) oxide (15 g) was placed in a Gooch crucible which was put in 
the reaction tube as described lor molybdenum (IV) oxide The flow-rale of ammonia was about 
60 ml/min The reaction temperature of 580 C was kept constant during 90 min Tungsten (IV) 
oxide, 111 the form of a brown powder was left overnight over sulphuric acid Analysis, ignition at 
550 C to tungsten (VI) oxide gave W, 85 14 WOj requires W, 85 17"o 

MolyMenum dio xyduhlonde Molybdenum (VI) oxide pellets (2 10 mm dia 15 g) were placed 

in a Gooch crucible which was then put in the reaction tube rcpicscnled in Fig 1 Chlorination was 
carried out at a temperature ot 550 C duiing 45 mm The oxygen flow-rate was about 260 ml/min 
The temperature ol the carbon tetrachloride was 25 C Molybdenum dioxydichloride was accumu- 
lated in the receiver as laigc yellow leaflets Yield quantitative Analysis, precipitation of ihe molyb- 
denum as PbMoOi"*' gave Mo, 48 23, MoO.Clj requires 48 45% 

Tungsten tlioxytluhlorulc Tungsten (VI) oxide pellets (3 - 10 mm dia 9 g) were placed in the 
reaction lube as described above The chlorination was earned out at the temperature of 370'C 
during 1 hr The oxygen flow-rate was about 280 ml/min, the temperature of the carbon tetrachloride, 
with the water layer over it, was 25"C Tungsten dioxydichloride in the form of small lemon yellow 
crystals was dried in high vacuum over phosphorus pentoxide Yield quantitative Analysis, by 
precipitation of tungsten with 8-hydroxyquinoline Tungsten weighed as WO^fC, 13^019)2 gave 
W, 64 12, WG 2 CI 2 rcquiies W, 64 36% 

Acknois Icdgeimru — Thanks arc due to Professor D GnotNit for his interest during our work 

Scott s Stamlard Methods of Chemical Analysts (5ih Ed) p 598 Van Nostrand, (slew York (1 954) 
(151 ^ VocjFI , 4 lexthooh of QuantUatue Inorganic Analyst!, (IruX EA ) p 492 Longmans, London 
(1951) 
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THERMAL DECOMPOSITION OF YTTRIUM OXALATE 
IN VACUUM AND IN VARIOUS ATMOSPHERES* 

A Glasnir,E Llvy and M SiiiNiiiRO 
Department of Inorganic and Analytical Chemistry, The Hebrew University ol 

Jerusalem, Israel 


( Receuvd 7 January 1963) 


Abstract —Yttrium oxalate may be dehydrated in vacuum at a tcmpcratuie as low as 260 , and de- 
composition of the oxalate itsell begins upon eomplctiein ol dehydration In vacuum as well as in an 
open furnace, xarious carbonato-oxalatcs and oxycarbonaies are lormcd in the temperature range 
300 420" Disproportionation of the carbon montsxide originating Irom the initial decomposition 
of the oxalate takes place to an extent ot nearly 60 per cent 1 he carbi n thus deposited siabiliyes 
the oxycai bonatc, C O and C Oj being evt'lved vmly on heating at 700-1CCO ' In an oxidizing atmos- 
phere the carbon is burned away, and while Y.O, may be obtained at 420 undci pioper conditions 


TiirRE has recently been wide interest in the thermal decomposition of rare earth 
oxalates and in the oxalates of some related metals The thermal decomposition of 
yttrium oxalate, for one, has been investigated by several authors using the Ihermo- 
gravinietric*'" and the differential thermal analysis<-d> methods Results obtained 
by some authors indicate that a higher hydrate is converted below 200^ to the di- 
hydrate The latter is considered stable up to 260'\ and thereupon slowly loses 
water up to about 410', when the anhydtous oxalate is obtained and soon starts 
decomposing, to yield, in one continuous step, the oxide at about 640" On heating a 
sample lor 30 min at 46b", an oxycarbonate was isolated, '■* which was proved by 
analysis to have the composition (YO)^COj 

The DTA curves'-^* show an exothermic peak just above 600", which is attrib- 
uted''*’ to the formation of a new oxide phase (amorphous >■ crystalline) Such 
exothermic peaks were noted by Wendi andt et a ! mostly m the temperature range 
600-700‘’C on all of the DTA curves of rare earth oxalates studied by them They 
suggest that these exothermic peaks arc due to an oxidation process, but are unable 
to offer any explanation for their presence 

in our studies of the thermal decomposition of rare earth oxalates m vacuum'"^*’ 

* This article is part of a Ph D thesis submitted by h L to the Senate of the Hebrew Universit y 
of Jerusalem 

‘"W W WENOLANor, /tna/rt Chetn 30, 58 (1958) 

R P Aoarwala and M C Naik, zlna/j/ Own /tt/a 24, 128 (1961) 

'■"Ya S Savitskaya, M A Gurevich, S V K.alabukhova and S 1 Siinikova Russ J Inor" 
Chew S, 1114 (1960), Z/t Neori' Kfiiin 5, 2300(1960), Ya S Savitskaya, M N TvoroctOV, 
C V Kalabukhova and L S Brykina, Jh/d 7, 2029 ( 1962) 

S L Blum and R A Maguire, zl me/ Cer Soc Ball 39,310 (1960) 
iM W w Wendlant, T D George and G R Horton, 7 Z/io/g- Nad Chew 17,273 (1961) 

A Glasner and M Steinberg, 7 Inorg Nad Chew 16,275 (1961) 

' 'A Glasner and M Steinberg, 7 fnoig Nad Chew 22, 39 (1961) 

'"'A Glasner and M Steinberg, 7 Inorg Nad Chem 22,156(1961) 
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It wa^ shown that <i disproportionation of carbon monoside pnmari/y refeased takes 
place, causing a darkening of the residue by the carbon left over Hence it seems 
plausible that the exothermic peaks observed with yttrium and other rare earth 
oxalates are due to the burning ol this prexioiisly deposited carbon under conditions 
where access of air is limited 

The aim o( the piesenl work was to obtain more detailed information on the 
thermal decomposition of yttrium oxalate and the possible existence of intermediate 
products 


1 XEIRIMENTAL 

Malnuih tile ylliiuiii oxalate used in this work was picpaicd Iroin the oxide (Lindsay Co , 
(ode no lilt) 99 9 pi.r Lent pinny) by dissolution in dilute mine aeid and precipitation by the 
addition of sulclssivc poilions of a f M-H.C^Oi sofulioii Alter standing overnight on a water bath 
at fiO , the Liyslals wcic hllcicd, diicd and kept in a desitcator ovci Ejtdr, 

1 he ytli Him oxide conlLiit of the crystal hydi alts was dclcrinmcd by ignition to 1000 C, and that 
of the oxal.ile by titiaMon with pcrmangaiialc proving that their composition was YjOxj 1 61 Ig) 
Dthydiation was ellcctcd by heating the etysials in vaeiiiim loi ^0 niin at 260' Aftei this Ireat- 
nient, Ihc ox. dale was still loiiiul to eonlain 0 2 percent water, bul moie proh'ngetl heating, even at 
a somewhal lovvei lempciatuie, caused an initial decomposiium of the osaialc ilsell 

I xperimcius in vacuum were earned out with dchydi.ucd samples, whilst loi dceomposiiions 
under vanous atmospheies the hydialed salt was used 

‘tppaialii'y wu! h’duiHjtH's I lie vacuum appaiaUis used was dcsciibed earhei Jn a lew cx- 
peiimenis in which the s.imples were he.iied up to 1000 , the Pyrex leaelion lube was exebanged for 
a siliea tube At the end ol each run, the aeeiimulaled paitial ptessures of CO and C Oj weic dcler- 
mined, and the infra-icd absorption speelia ol most of the solid lesidues wcic examined by the KBr 
disk method 

foi expeiimcnis lor dceompositions in varie'us atmospheres an. Oj, N^, CO_ an open lube 
oven was used, through whieh a eontmiious eurreiU ol gas previously diicd over anhydionc (84 
ml/inin), was allowed to flow The oven was brought to (he desiicd consiaiU tcmperatuie, and then 
a sample ol yltiium oxalate hydrate weighing 50-170 mg was mtrodiiecd in a porcelain boat After 
healing for 24 hi at least, the loss of weight and caibonate eontent ol Ihc residues were determined 
A weighed portion of the resitlue w.is allowed lo icact with inincr.il acid (H.PO,) and the COj le- 
Icascd wis diiveii ov..r by a euricnl of pure nitrogen and absorbed in asearite tub.s The intia-red 
speetiuni ot most ot the residues was also recoided 

RESULT S 

1 Dehydrated samples healed to 1000 in laLuum 

Results of gasometnc measurements in this seites of experiments are recorded m 
Table 1, showing the partial pressures of CO and CO^> obtained on heating ior 24 hr 
Samples of Y^Ox, weighing 9 33 mg were used in all these experiments (excepting B, 
which weighed 7 15 mg, m the latter case the actual pressures measured arc also 
given in brackets) The expected total pressure on decomposition according to the 
equation 

Ya(Cp^)j Y^O, I 3CO -1 300^ 

was 484 fi The measured total pressures were always lower, the difference being 
31 /r on the average for A and B, and 60 p for C and D Also, the partial pressure 
of CO was always less, and that of CO^ always more than expected (242 p) The excess 
of CO,^ pressure was 30 p — average for the four experiments indicating that a 
corresponding amount of CO (about 25 per cent) underwent disproportionation 
2CO COjj T C The residues were coloured black by the carbon deposited, and 
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the infra-red absorption spectra were blank in the 5 /i~\ 5 /i region, with the exception 
of a small residual absorption at 6 2 /i (see Fig 2) This proves that the oxalate com- 
pletely decomposes to Y,0,, but the deposited carbon may be chemically combined 
In experiments C and D (Table 1 ) the samples were intermittently heated for 24 hr 
at the indicated temperatures At each step the reaction vessel was isolated from the 
body of the gasometer by shutting the stopcock, the partial pressures were determined 
and the gases pumped olT, before raising the temperature to the next step 


TAHII- I ParTIAI PKFSSUKhS OF CO AND CO. 
FVOIVFO ON HFATIN<I Y.OX, U(» lO 1000 IN 
VACUUM Wt of samplis t 33 mg, total 
PKFSSIJRF F\PF( IFO 484 // 




Observed pressure (ii) 


Temp 
( C) 

CO 

CO, 

Folal 

A 

1000 

180 

270 

450 

K 

1000 

176 

280 

456 



(135) 

(215) 

(350) 

C 

400 

115 

155 

270 


500 

3 

33 

36 


600 

0 

43 

43 


700 

3 5 

15 5 

19 


800 

7 

16 

23 


1000 

26 

4 

30 



154 5 

266 5 

421 

D 

750 

|30 

270 

400 


1000 

25 

2 

27 



155 

272 

427 


It IS seen that the greater pait of the CO is evolved at 400' and that at tempera- 
tures above 700^ the evolving gases again contain CO in propoitions increasing with 
temperature Hence it may be concluded that Y_,Ox, decomposes at 400" leaving a 
icstdue of oxycarbonate admixed with carbon, and at higher temperatures the two 
solids react, to give a mixture of CO and CO^ 

1 he estimated disproportionation of CO. originating fiom the oxalate in experi- 
ments C and D, is thus found to be about M) per cent 

2 Dcioniposilioii in indiinii 

Samples wcighinii 0 9 nuj Y,Ox, were heated in vacuum at constant temperatures 
I rom 300 to 420 C A plot of pressure v s time curves standardized for 6 mg samples 
IS shown m Fie; I At 300 the decomposition is rather slow and appaientlv did not 
hn.illy steady down even after 45 hr he.iting At 390 and 420 on the other hand 
the mam rc.iction seems to liave been completed in less than 30 nnn followed by a 
slow continued evolution of gases lor 24 hr There is also a brc,ik in the curves alter 
the accumulation of about 10 per cent of the iinal pressure, most evident in the 3b0 
run Because of all these complications no simple rale ccjuation could be suited to the 
reaction curves A rough estimation of the .ictivation energy is 37 kcal/mole 

i 
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The actual weights of the samples, the expected pressures on decomposition to 
the oxide and the final partial pressures of CO and CO 2 obtained at the temperatures 
shown are recorded m Table 2 All residues were brown, having a lighter tint at the 



lower temperatures The CO 2 partial pressures always exceeded the CO, the ratio 
pCOJ/iCO rising with temperature from 1 34 at 300° to 1 48 at 420° Also, the 
combined paitial pressures were somewhat less than half the expected pressure and 
matched the latter only at the higher temperatures 


TaBLI- 2 — PARriAL PRI-SSURES OE CO ANl> CO. EVOLVED ON 
HEAIINC. YjO\, rOR 24 HR IN THE TLMPERATCRE RAN(.L 

300 ^ 20 ^ 



Wt of 

r.xpcctcd 

Partial 

pressure 

Temp 

sample 

total 


O') 

(’C) 

(mg) 

pressure 

CO 

CO, 

300* 

5 97 

310 

59 

79 

320 

6 61 

343 

69 

93 

360 

7 91 

411 

83 

1 10 

390 

6 00 

312 

64 

91 

390 

6 84 

355 

75 

105 

420 

901 

468 

94 

139 


• healed for 45 hr 


The infra-red spectra show (Fig 2) that the solid residues contained only carbonate, 
but no oxalate, with the exception of the residue heated at 300° for 45 hr, where 
absorption bands characteristic for oxalate ion are also present 

Hence it may be concluded that at any temperature above 320°, Y^Oxj completely 
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Fio 2 Infra-red absorption spectra of residues obtained on hcatini^ Y.Ox, in vacuum 
for the time and at the temperatures indicated 

decomposes into the carbonate, and the low partial pressure of CO is due to an 
extensive disproportionation of this gas 

In Table 3, the partial pressures of CO and CO^ v\cre converted into percentages 


Tabi c 3 

Pfk cfnt oi 

CiAShS 1 VOLVI ANO hSIlNIXTlP (’OMPOSIllON OF 

RESIDUES 




CO, 



Temp 

CO 

CO, 

<?„) 

Approximate 





(from car- 

composition 


( C) 

("a) 

("o) 

bonate) 

of rcxidue 


300 

38 1 

51 0 

23 4 

\,Ox„-c(CO,), .s'! 


320 

40 2 

54 2 

24 6 

Y,Ox„-, (CO,), ,, 


360 

40 4 

53 5 

23 9 

Y.Oxo-stCO,). ,5 


390 

41 0 

58 .3 

28 7 

(YCO,).0 

0 » 

390 

42 3 

59 1 

29 5 

(YC 03),0 


420 

40 2 

59 4 

29 8 

(YCO,),0 J 


Mean 

, 4^8 





of the expected pressures, revealing that only 40 8“„ of the expected CO has evolved, 
this value being constant in the whole range of temperatures at which measurements 
were made Therefore 59 2 per cent of the CO underwent disproportionation. 
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accounting for 29 6 per cent of the C0_„ wfii/e the reiiiamdcr (listed in column 4 
Table 3) must have come from further decomposition to oxycarbonates (column 5) 
After allomng for 6 7^ per cent of umlecom posed oxalate at 300‘ , the oxycarbonale 
j- I'' c\idcnl/v stable in the temperature range 300-360'’ and the oxy- 
carboiiato ( YX'0,)j O in the range 390 420’ admixed in both cases with C ,, 9 carbon 

^ Dccoinpasiiiofi 0 / Y ,0\ ^ liitfic/tc under almosplieru pressute of tanou't ga'ies 

bxpeiimcnts were carried out at four dilferent tempcratuics m the range 320 420’ 
The results are summan/cd in Table 4, showing the percent loss of w'cight after heating 
lor 24 hr in the atmosphere and temperature indicated and the weight per cent 
of CO, 111 the residue Compaiing these two data to the corresponding values cal- 
culated for all possible decomposition products, listed in Table 5, the composition ot 
the residues may be determined, as shown m the last column of Table 4 The 


I MlLl 4 loss 01 VSIKair XNO I’IIUHNIAC.I oi CO^ in soi id risidui, iormid on 
IUAIIN(. Y.Ox J t 6 H_() IN various ATMOSI’lll RIS 


rump 

A linos- 

Wt ot 

Loss 
of wt 

CO^ 

in 

residue 

C oloiir of 

Composition 

ol 

( C) 

phcie 

sample 

( 

( 

lesiduc 

residue 

120 

Air 

1 10 8 

23 6 

21 0 

While 

lYCOdjC ,Oi 

320 

Oxygen 

122 3 

24 0 

20 7 

While 

(YCOP.C.O, 

320 

Niiiogen 

177 3 

23 7 

20 5 

Brown 

(YC 0 ,):C ..04 

320 

<-0. 

151 2 

17 9 

10 3 

Brown 

(YC,0.):i 6 0, 

360 

All 

49 4 

39 6 


While 

(YC (),). 0 

360 

Oxygen 

87 7 

39 5 

27 9 

While 

(YCO,), 0 

360 

Nurogeii 

89 8 

39 9 

27 3 

Beige 

(YCOP, 0 

360 

CO, 

88 6 

23 5 

22 0 

Beige lo brown 

(YCO,), C,0. 

3W 

Air 

120 3 

46 5 

16 2 

While 

(YO),CO, 

390 

Oxyge’ii 

1 18 9 

46 4 

— 

While 

(VO),COi 

390 

Nilrogell 

124 0 

46 5 

160 

Brown 

lYO), CO, 

390 

CO, 

129 2 

39 9 

27 4 

Brown 

(YCOd.O 

420 

Air 

1 19 3 

55 3 

— 

While 

Y.O, 

420 

Oxygen 

1132 

55 2 

0 

While 

Y,0, 

420 

Nitrogen 

1 16 1 

55 3 

0 

Light brown 

Y,0, 

420 

CO, 

1 19 3 

47 0 

16 0 

Grey-brown 

(YO),CO, 


Tadic 5 Thidketkal loss or w'ik.iit of 
YjOx, 3 6H,0, AND PtR erNT oi CO, in 
I’OSSIUI r DFCOMPOSI 1 ION PRODUCTS 


Loss ol 
weight 

C'O, in 

C'Dinpessition 

("„) 

residue ( 

Y,Ox, 

t2 80 

0 

(YOx),CO, 

J8 33 

10 63 

(YCOi),Ox 

23 86 

22 80 

Y,(CO,), 

29 38 

36 87 

(YCOP.O 

38 06 

28 06 

(YO),cb, 

46 75 

16 31 

Y.O, 

55 43 

0 
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correspondence in all cases is close enough for both values compared to make the 
identification plausible The composition of the residues has also been qualitatively 
confirmed by infra-red spectra (see Fig 3) 



WAVl LCMviTH ,N MICRONS 

Fi(. t --Infra-red abborpUon spectra of residues obtained on healing YjOS) t fiH X) 
for 24 hr at the lenipcraiurcs and atmospheres indicated 

The residues from decomposition m nitrogen or CO^ were beige to brown, while 
in air or oxygen they were white, i e the carbon burned away in the latter atmospheres 
and was not deposited 

The compositions of the residues obtained m nitrogen were identical with those 
of the residues obtained in air or oxygen, at all temperatures, a stable carbonato- 
oxalate is formed in these atmospheres at 320 , but at 420 there is complete decom- 
position to the oxide YjOj Oncomparmg these results with those obtained in vacuum, 
It may be noted that atmospheric pressure retards the decomposition of the oxalate, 
but furthers the decomposition of the carbonate at 390’ as well as at 420 

The stabilization effect of the CO^ atmosphere on the oxalates is even more pro- 
nounced, but even in this atmosphere the carbonate content of the residue (VO)^ COj 
obtained at 420^ is lower than that formed in vacuum (YC0j)_,0 

DISC USSION 

It has been proved m this work that Y^Oxi/iH^O can be completely dehydiated 
in vacuum at temperatures below 260’ Decomposition of the oxalate itself begins 
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soon after dehydration and the rate can be comfortably measured at 300°, although 
It IS rather slow at this temperature The much higher temperature of decomposition 
(415 ) indicated by thermogravimelric and D'lA measurements*' ’2) can be attributed 
to the very slow rate of dehydration under atmospheric pressure m partly closed 
vessels 

In the temperature range 300 420’ various carbonato-oxalates and oxy-car- 
bonates arc formed in diflerent atmospheres as well as in vacuum The carbonate 
Y^fCOdi itsell was not obtained under any condition, giving the impression that 
yttrium carbonate is less stable than the oxalate In an oxidizing or inert atmosphere 
(nitrogen) with continuous flow of gases, decomposition to the oxide Y,Oj is already 
completed at 420 ’ In vacuum, on the other hand, an oxycarbonate (YCOd^O, with 
a relatively high carbonate content, is stabilized at this temperature 

Some ol the gases retained in the partly decomposed residues may be driven out 
only on heating for long periods at 700- 1000 ’ For example, m experiment C (Tabic I), 
17 per cent of the total amount of gases were evolved in this range of temperatures 
The phenomenon may be connected with the disproportionation of the carbon 
monoxide, on prolonged heating at the lower temperatures, the deposited carbon 
combines with the carbonate, probably giving anions'**’"” ot the type C„0„ which 
decompose only on being heated to temperatures above 700’ 

In vacuum, 59 2 per cent of the CO expected to evolve from Y^Ox, undergoes 
dispioportionation, depositing 0 444 atoms of carbon per ion of yttrium For com- 
parison, it has been shown*”’ that 70 percent of the CO from Ce^Ox,, disproportionates, 
and therefore 0 525 atoms of carbon per ion of cerium should be deposited on decom- 
position at 340 420’ in vacuum It is interesting to note that other w'orkers*"’ 
obtained, at 350\ under similar conditions, a residue of cerous carbonate which 
contained very nearly the same surplus of carbon Ce^C 4 ]Oui On heating (his 
compound for 24 hr at 600\ it tenaciously retained, even at this temperature, an 
oxycarbon compound together with the surplus carbon Ce,C] 2 sOj,,() 

In a stream of air or oxygen no carbon is deposited, but it is oxidized to COg as 
evidenced by the white colour of the residues This explains the early decomposition 
of the intermediate carbonate and the formation of the oxide Y^Oj at the compara- 
tively low temperature of 420’ On the other hand, the identity of the composition 
of the brown residues obtained m a nitrogen atmosphere with those of the white 
residues formed in the oxidizing atmospheres is rather puzzling The reason for this 
anomalous behaviour should be sought in the experimental conditions, the hydrated 
samples used in these experiments were dehydrated at a much faster rate by the 
current of dry gases than under usual conditions of heating in a closed, or partly 
closed, vessel Apparently the anhydrous solid oxalate thus obtained is very reactive 
owing to Its metastable open structure, and releases CO and CO^ at a faster rate than 
the more compact anhydrous solid This surmise has been partially confirmed by 
heating hydrated samples m vacuum, when faster decomposition rates were actually 
observed On the other hand, dehydrated samples heated in a stream of nitrogen at 
420 ’ lost only 42 3-42 4 per cent of their weight Calculated on the basis of the 
hydrate Y.^Ox, 3 6H^O this is equivalent to a loss of 49 73 per cent instead of 55 3 

"" R WrsT, H Y Niu, D L Powfll and M V Evans, V Chem Soc 82, 6204 (1960) 

•lo) WrsT and Hsifn Yinc, Niu, ^ Amer Chem Soc 84, 1X24(1962) 

O K Srivaspava and A R Vasudlva Murthy, 7 Sci Indnst Res 20 8,96(1961) 
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per cent recorded m Table 4. The CO 2 released on treating the greyish-brown residue 
with acid was only 5 2-5 3 per cent, as compared to ~11 0 per cent expected (see 
Table 5) Evidently, the deposited carbon renders the residual carbonate less reactive 
and complicates its determination by the usual methods 

Conditions in TG and DTA measurements seemingly resemble those m the present 
work in vacuum, dehydration being slow and access of oxygen (air) limited Hence, 
following disproportionation the carbonate is stabilized and the carbon is burned 
away only in the neighbourhood of 600°, about the same temperature as the exothermic 
peaks observed'®' with other rare earth oxalates 

Unless the cation is reducible (like europium) or oxidizable (like cerium), the 
various phenomena and sequence of reactions discussed here in the case of yttrium 
oxalate are repeated with the rare earth and with other oxalates There are two 
factors differentiating between these oxalates with respect to the various stable inter- 
mediates formed 

(a) Small cations with a high charge tend to form very stable hydrates, and their 
thermal dehydration is always attended with decomposition of the oxalate 
Hence, the normal oxalates cannot be prepared by this method 

(b) In a series of equicharged cations (for example, the tervalent rare earths) the 
oxalates are more stable the smaller the radius of the cation No similar 
stabilizing effect occurs with the carbonate ion,'*’ and therefore no intermediate 
normal carbonates of the yttrium group are ever formed on the thermal 
decomposition of their oxalates 
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the thermal decomposition of lead nitrate* 

F VratnyI and F GuGiiorTA+ 

Purdue University, Chemistry Department 
West Lafayette, Indiana 

(Reieived M Deiembet I9f>2, in ici ncti Joiin 4 March 1963) 

Absirait Tlic Ihcinial dceoniposition of lead nitrate has hetn invcsiigalcd in the temperature lange 
fiom 250 to 435 C Information obtained fresm the infra-red analysis of the decomposition products 
indicate that tlie reaclitsn proceeds via a basic nitiale or metallic nitrite structure, while gasomctric 
analysis indicates that the decomposition prircecds essentially via the loss ot nitrogen oxide and 
oxygen, without significant oxidation of the lead ion 

rill thermal decomposition of lead nitrate has been i nvcbtigated as pai t of a programme 
to investigate the interaction of nitrogen dioxide and metallic oxides It has been 
found in preceding investigations," that mtiogcn dioxide is the piime decomposition 
product in the decomposition of nitrates Further, the elfect of the decomposition 
IS such that oxidation of the metallic ion can be initiated In particular, in the de- 
composition of cerium [111] nitrate*"’ the decomptssition leads diiectly to cerium 
dioxide Liiidei all conditions, with an appaient progression in oxidation states as the 
decomposition proceeds In the case of the decomposition of praseodymium nitrate 
the picture is consideiably complicated by a whole progression of oxidation states 
from an eflective oxidation state of l’i(III) to Pi(l V) The picture is further complicated 
by the appearance of intermediate nitiate -nitrite pioducts 

The present investigation has been conducted as an extension of the above work 
with consideration given to the xaiiable oxidation state of leati as well as the greater 
instability of the higher oxides of lead As in the preceding work gasometne and 
mfra-red analysis of the decomposition products was used as a means of following 
the reaction path 

Kl SULfS 

The mateiial used in this study was a single batch of high purity Baker lead 
nitrate This material was desiccated under vacuum over magnesium perchlorate 
and weighed in desiccated containeis The samples vveie then placed in the decom- 
position chamber,"’ which consisted of an oil manometer and associated traps The 
sample was then raised to the desited tempciature within a peiiod of 1 3 mm The 
reaction was followed by means of the oil manometer as pievioiisly described The 
piessLire time curve was found to assume a sigmoidal shape as indicated in Fig 1 

* This wink w,ts earned on .It Purdue University iinde-r .t grant lioiiiThe I incoln Laboraloi les of 
ihv Mass Inst of Tceh which is an organi/ation undei the joint support ol the United Slates Army, 
Navy and An Force 

T Piesently at Bell Telephone Laboratories, Incorporated Murray tlill. New Tersev 
t Presently at National Cash Register, Cleveland, Ohio 
F Vrxtny and J M Honk., /la/n fanutav Soc 451 56,1051(1960) 

F Vratny, S Kfrn and F Ciui.i ioita, d /iini!.' Ai«/ C/uni 17, 2Stl (1961) 

•" J S Andfrson and M Stirns, / /«<we A'hc/ Chcm 11, 272 (1959) 
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Fkj 3 — [nfra-red spectra of the decomposition pioducts of lead nitralc obtained at 
various temperatures, spectra obtained in Niijol with rock salt optics 

It may be seen in this figure that at the lowest temperature (250 C) the decomposition 
IS approximately 30 per cent complete in 200 mm while at 400^C the reaction is 
essentially complete m 50 min 

Gas analysis was performed by condensation of the nitiogen dioxide at liquid 
nitrogen temperatures to obtain the partial pressure of oxygen Upon remoxal of the 
oxygen the partial pressure of NO,-N,0, was obtained The absence of the lower 
oxides of nitrogen was established by the absence of a discoloriition of the condensate 
and by the infra-red analysis of the gas Details of the anaKsis are given in Reference 

(I) 

It was found from the above analysis that the oxygen nitrogen content of the 
decomposition products executed a stiaight line through the composition Pb(NO,), 
and PbO as seen in Fig 2 Thus, one may presume that the oxidation state of the 
lead ion remained essentially divalent (II) as indicated by the correlation with the 
theoretical divalent axis The fact that some oxidation has occuried is borne out 
by the scatter of points between the (II) and (111) oxidation co-ordinates 
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On conclusion of the decomposition run, the sample was subjected to infra-red 
analj-sis The spectrum was obtained in the 2 to l5/r region in a Nujol null A 
leprcsentative progression is shown in big 3 for products obtained at increasing 
decomposition temperatures Nujol lines aie evident at ~3 5, 6 8 and 7 3/^ The 
bands at 4, 7 6 7 8, 12 4 and 13 9 aie due to the presence of metallic nitrate 
It may be seen that as the decomposition temperature is increased the intensity of 
these bands deciease Further in evidence are two bands at ~9 3 and 9 8 /r These 
bands arc due to the pieseiicc of metallic nitrite*^’ and as such occur at intermediate 
stages of the decomposition 

liISC USSION 

In contiast to the decomposition of cerium (111) nitiate the piesent study indicates 
that the lowei oxidation state is prefeircd under the conditions of the decomposition 
I he scatter ol points above the (II) oxidation axis and below the (111) axis is strongly 
in accoid with the work of Anoi rson and Sii rns**’ who found that the monoxide of 
lead can be oxidized under modest conditions to the nonstoichiometric intermediate 
of PbOj, where 10 v 15 In geneial this transition was found to be strongly 
time dependent requinng as much as 20 hr at 310 C and 600 mm to reach PbOj 5 
It IS therefore not surprising that the presence of a partial pressure of 60 to 100 mm ol 
oxygen and/or nitrogen oxide has no greater effect than that noted in Fig 2 It is 
suggestive in this rcgaid tliat the cgicss of nitrogen oxide and oxygen from lead 
nitrate leave the lead as Pb(ll) and only on extended exposure docs the iransition-up 
Id oxidation state occur A further point in evidence of the direct egress of NO^ is 
indicated by the nitiite stnictuie which occurs in the intei mediate decomposition 
regions and can conceivably act as a decomposition intermediate to nitrogen dioxide 
The next logical step in this study is an investigation ol the interaction of lead monoxide 
and nitrogen dioxide 

F Vratnv, ,'1/1/1/ i/vrr 13, 59 ( NS*-/) 

f' Vrainy, M Tsai, F GuciLIOua A'awic (/aiiirf) 188, 4749, 484 ( I960) 

F Vratny, J M Honk,, T fan Fwad(t\ Soi 463.57,1176(1961) 
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HIGH PRESSURE REACTIONS OF CaO AND CdO WITH 

URANIUM OXIDE* 

A P Yolino and C M Schwartz 

Battelle Memorial Institule, Columbus, Ohio 

(Received Jaiuuiry 1963, in leetscd fonii 4 Maicli 1963) 

Abstract — Mixtures of uranium oxide and bivalent metal oxides were reacted at 60,000 atm pressure 
and 900-1200 C tempeiaturc 

C’aUjOB, r compounds with CuiAu-typc ordering of uranium and calcium ions were synthesized 
at high pressure This is probably the first instance of CujAu-lype cation ordering in a mixed oxide 
Ordering was dependent on oxygen content High pressure compounds with compositions CaUjO, 
and CaUjOa j were ordered High pressure compounds with compositions CaUjO« CaUjOsj 
and CdUjO; ,, were face-centred cubic '1 he dependence of ordering on oxygen content can be ex- 
plained qualitatively if oxygen is assumed to go into cell centres in a CaUjOj , lluonte-typc structure 
No superlaltice reflections indicative of ordciing of U and Cd ions were observed in high pressure 
CdU,0, 

High pressure CaUO, was face-centred cubic 

Till work of Wilson'” on the elfect of pressure on the uranium -oxygen system 
disclosed a new polymorph of U,Og, occurring at pressures above 16,000 atm and 
temperatures above 400 C Also, a cubic modihcation of U,0, was found at pressures 
above 70,000 atm The determination by Wilson of the effects of ultrahigh pressure 
on uranium oxides was undertaken as a prerequisite to the study of the effects of 
pressure on reactions of uranium oxide with other oxides 

In the present work, uranium oxide was reacted with CaO and CdO at 60,000 atm 
pressure and at temperatures from 900’-I200'C hor comparison with high pressure 
results, some mixtures were reacted at the same temperatures at ambient pressure in 
air or m an inert atmosphere 

EXPrRIMENTAL PROCEDURE 

For Ihc invcsligdlKin of ihc effects of combined pressure and lemperatiire on mixed oxide reac- 
lions, a version of the “Belt" apparatus described by Hall was used Sample pressures to 60 000 atm 
were obtained routinely in this apparatus without excessive piston or die breakage The pressure 
scale was based on ihe calibration scheme suggested by Ki-n\fdy'-’ m which the Ba(ll)-Ba(lII) 
transition occurs at 60,000 atm 

A typical mixed oxide sample was prepared by weighing the powder constituents in the proper 
proportions and grinding in a tungsten carbide mortar The sample was compacted m a in o d 
platinum tube vvith 0 005 in wall thickness The tube was closed on both ends with hammered 
platinum foil The platinum tube served both as container and heater The high pressure assembly 
with pyrophyllitc cylinders and gaskets was similar to that desci ibed by Hai i ' " 

For temperature determination, thermocouples were welded lo the platinum capsules Although 
the platinum capsule was distorted in the pressure cell, tempeiaturc at pressure could generally be 

* Work performed under AlC Contiact W-7405-cng-92 

W B Wilson, y liwis^ Nial Cltein 1. 357 (1955) 

G C' KiNNiDvandP N ]_^MoKl, Pioi;ie\‘‘in leiv Hi^di Pie\, me Resemch pp 304-3l3 J NVilev 

New York (1961) 

H T Hah, Her Sti Instiiini 31, 125(1960) 
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determined In some samples, hot spots adjacent to thin areas of the heater tube or at a poor end 
contact were present After a high pressure run, the tube and sample were mounted m epoxy resin 
and sectioned In some instances, differences in colour in the sample were indicattve of temperature 
gradients in the s.imple Cieneiallv, specimens tor X-iay diffraetion were taken fiom the neighbour- 
hood ol the theimoeoupic junction In ease of thermocouple lailure, sample temperature was 
estimated Irom the heater w.itlage 

Heeause of the small sample sice no attempt was made to determine density or oxygen content 
of high pressure samples T here is some evidence (rom other work that oxygen is generally retained 
in the high piessuie high teinpciaturc capsule fherc was also a systematic change in sti ueturc with 
oxygen content of the initial mixtures m ,i series of uranium oxide calcium oxide samples described 
below In the deseiiption of lesults it is assumed that the oxygen content ol the high pressure 
samples was close to that of the initial mixture 

The uranium oxide in the initial mixtures v\as prepaied from Mallinkrodt UOj Added oxides 
weie Baker Reagent Grade ehemieals 


RbSUL rs 

High pressure samples with composition CaU,0., were prepared by reacting I I 
mixtures of CaO and U,()n The X-ray powder pattein of high pressure samples 
with composition Call jO,, exhibited all the reflexions of a face-centred-eubic strue- 
ture plus many weaker reflexions indexable on the cubic unit cell The lattice param- 
eter mdicitcd a solid solution of CaO in a structure The extra reflexions 

indicated ordering of some kind 

The simplest type of ordering in the samples with strong face-centrcd-cubic 
reflexions would be the CujAu type array in the cation lattice with uranium at face 
centres and calcium at the corners of cube cells Assuming that eight of the nine 
oxygen atoms m the CaU,0<, cell are at the normal LiO^ sites and neglecting the 9th 


TARih I Comparison iuiwein ohservlo iniensitils oe high pressure 

CaU ,0„ REELtXIONS ANO < ALCUIAIEO INTLNSM lES EOR Cu,Au TYPl ORDERING 

OE ta AND U C AIIONS 


f/(A) 

Indc'x 


A lie 

Ndiiirc ol reficxioii 

5 36 

100 

25 

!8 

Superldtiicc 

3 79 

1 10 

15 

17 

Supcrldltice 

3 101 

111 

100 

100 

UOj 

2 677 

200 

50 

37 

uo. 

2 399 

210 

15 

10 

Superldttiee 

2 200 

21 1 

10 

8 

Superldtticc 

1 «99 

220 

60 

50 

UOj 

1 784 

300, 221 

to 

6 

Superldtticc 

1 703 

310 

5 

4 

Superldttiee 

1 620 

31 1 

50 

47 

UOj 

I 551 

222 

20 

10 

UOj 

1 489 

320 

5 

3 

Superldtiicc 

1 436 

321 

5 

5 

Superldttiee 

1 343 

400 

20 

10 

UO 2 

1 303 

410, 322 

5 

4 

Siipcrlattice 

1 264 

41 1, 330 

5 

3 

Superlattice 

1 232 

331 

30 

26 

UO^ 

1 203 

420 

20 

19 

UO, 

1 159 

421 

5 

4 

Superldttiee 

1 144 

332 

5 

2 

Superlatticc 

1 096 

422 

20 

26 

UO, 
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oxygen atom, the intensities m the CaUsOg diffraction pattern with CU3AU type 
ordering were calculated taking into account the Lorentz-polanzation correction but 
neglecting absorption effects Calculated and observed intensities are shown in 
Table 1 The observed intensities were estimated visually The degree of agreement 
between calculated and observed intensities would appear to warrant the assumption 
of CugAu type ordering of uranium and calcium ions in the high pressure CaUjO* 
To determine the possible effect of oxygen content on ordering in CaUgOg, ^ type 
compounds, a series of mixtures with nominal compositions CaU307 75, CaU308 44„ 
and CaUaOggo were prepared by mixing U4OB, UjOg, and CaO m the proper pro- 
portions The first three of the high pressure samples were face-centred-cubic without 
extra reflexions Presumably m these materials CaO was dissolved in the LI02,^ 
lattice without ordering of the Ca and U ions In high pressure CaUgOggQ, which 
was ordered, there was no observable decrease in intensity of the superlattice 
reflexions as compared with CaUgOg samples 

To determine whether the ordering was pressure dependent, samples of the CaUgOg 
mixture were reacted at I atm pressure in argon at 800, 1000 and 1200°C In all 
instances, face-centred reflexions were present without superlattice reflexions In the 
800 and lOGO^C samples, there were also weak UjOg reflexions indicating incomplete 
reaction 

An approximate value of the electrical resistivity of the ordered CaUgOg was 
obtained using a Bridgman anvil apparatus in which only a small sample is required 
The resistivity was approximately 100 ohm cm A U^Og sample had nearly the same 
resistivity 

Effects of high pressure on mixtures with nominal composition CaUOj. were also 
investigated High pressure samples with nominal composition CaUOg and CaU03g7 
were apparently face-centred-cubic with lattice parameters -= 5 38 A and 5 37 A 
respectively A I CaO 1 UO, mixture reacted at high pressure to form the rhombo- 
hedral calcium uranate, CaUOj, described by Zachariasen 

The powder pattern of the high pressure CaUO, sample was carefi'lly examined 
tor weak reflexions to determine whether it was actually face-centred-cubic A Type 
C CaUOj compound has been reported The strongest reflexions in Type C com- 
pounds coincide with those of a fluorite structure with one-half the cubic cell dimen- 
sion However, there are many visible nonfluorite reflexions in T)pe C compounds 
It IS quite certain that the high pressure CaUOj was not Type C. since none of the 
extra reflexions ordinarily present in the Type C pattern were observed The high 
pressure CaUO, probably was a solid solution ol CaO in the UO, structure 

High pressure samples with nominal CdU^Og composition were face-centred-cubic 
with lattice parameter f7 5 39 A No superlattice reflexions were visible IfCu^Au 
type ordering were present in CdU.,Og, the calculated intensities without absorption 
correction of the (100) and (110) rcHcxion«, which are the strongest superlattice 
reflexions, would be six and five compared to 100 for the (III) reflexion The super- 
laiticc reflexions would be consideiably weaker in CdlJjOg than in CaUjOg It is 
possible that the low angle (100) and (1 10) reflexions would be too weak to observe 
because of the high uranium absorption While there was no poutive evidence for 

"A P Younc., W B Wilson and C M Sihwart/ Phw Rci 121.77(1961) 

'W H Zachariaspn, / 4(6/ Crio 1,281(1948) 

K B Alulrman, R C Biamy and J S ANorRSON, y Chem Sot 1352 (1951) 
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ordering in the high pressure CdUjOs, the possibility cannot be ruled out on the basis 
of the present limited experiments 

The behaviour ol CdlJO^ samples under pressure was the same as that of CaUOj. 
samples CdUO, and CdUO,p ,7 samples were face-centred-cubic The high pressure 
CdUO, exhibited a diffi action pattern nearly identical to that of the rhombohcdral 
calcium uranate 

DISCUSSION 

The ordcjing m high pressure CaU,0., compounds is apparently the first instance 
of CUjAu type ordering ol cations in a mixed oxide Attempts to produce at ambient 
pressure either CuAu or Cu,Au type ordering m the cation lattice in solid solutions of 
NiO. f-cO and MnO in MgO have been made by Wii son,*"’ so far without success 
The possibility of producing ordered structures in binary uranium oxidc-nietal oxide 
solid solutions has been mentioned by HorKsiitA and Parkir 

Ordering of the cations in a mixed oxide such as CalJ,0,, would depend on both 
cation cation and cation amon interaction The dependence of ordeiing on oxygen 
content in CalJ ,0^ , ^ compounds indicates that the ordering is closely related to Ca~0 
,ind U (3 bonding CaUjOn,, may be simply related to the fluorite structure if the 
added oxygen ions are located at the centres of R,0^ lluorite cells with cations at cell 
coiners and (ace centres In R,0,,, all the cell centres would be occupied by oxygen 
The corner sites in the resulting R,(),, unit cell would be dilTerentiated from the face- 
centred sites with respect to R O bonding The oxygen ions at cell centres would be 
distant 0 866o„ from the comer cations and would be separated from them by othei 
oxygen ions on the body diagonal The separation between the cell-centred oxygen 
and the face-centred cations would be 0 50()</„ Most of the bonding from the cations 
to the interstitial cell-centred oxygen would be from the face-centred cations The 
corner cation sites m Call ,0,, might be preferred by calcium, since the bonding would 
resemble that of the 8 4 co-ordmated fluorite structure Location of calcium at 
corners and uranium at face centres of the cells with interstitial oxygen at cell centres 
would result m Cu,Au type ordering of the cation lattice 

With (/„ 5 37 A, the distance of closest approach of the oxygen ions m tins 

structure would be 2 32 A This is closer than normal proximity for oxygen ions 
This may account for the fact that the ordered CaUjO,, is a high pressure material 
The distance of closest oxygen approach m other high pressure compounds is less 
than normal Lor instance, in stishovitc, the high pressure rutilc-typc SiO,, and in 
the high-pressure rutilc-typc AlAsOj, the distance of closest approach of oxygen ions 
IS 2 23 A and 2 34 A respectively 

The variation of the fluorite structure in which oxygen ions are located at centres 
of R 40 „ fluorite cells with cations at the corners was once proposed for U^Oy 
However, neutron diffi action analysis and observations of certain superlatticc re- 
flexions by Bli hi o( ii ci a/ , indicated that the extra oxygen ions in UiOy are permuted 
among four equivalent sites m fluorite-typc cells with oxygen at the corners If the 

H W Wii SON, Acrondulical Systems Div Tech Kept 61 92 (June, 1961) 

H R Hoiksika and tl S Farm r. Uranium Oxide Properties and Applications, Naval 
Reactors Div of Reactor Dev , pp 271 299 USAtC (1961) 

'"’A P Youst., C B SriARandC M SciiWARrz, Z Krnt 118,221 (1963) 

H Hi RiNCi and P PrRio, /inll Soc Cliiiii Fiance 19, 351 (1952) 

B Biiiifocu, C Pii KARSKi and P VtKia, Acta Ciy^t 14,837 (1961) 
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oxygen lattice in CaUjOg resembled that of U 40 g and if the positions of Ca and U ions 
were dependent on anion-cation bonding, the calcium ions would also permute 
among equivalent sites and the same superlattice reflections observed by Belboech 
would be observed In fact the superlattice reflections in U^Oy and in the ordered 
CaUjOg arc entirely different It is reasonable to assume therefore, that the oxygen 
lattice in the high pressure CaU^Oy does not resemble the U,Oy oxygen lattice but is 
the simple modification of the UOj oxygen lattice earlier proposed for U,Oy 

Neutron diffraction might be useful m determining more definitely the oxygen 
positions m the high pressure CaU^O, Some of the high pressure CaU^Oy samples 
were coarsely crystalline It is possible that single crystals large enough for neutron 
diffraction might be grown by the use of controlled temperature gradients and the 
addition of water or some other mineralizer in the high pressure capsule 

It was thought that the electrical resistivity of CaU,Ou would be higher than that 
of lJ 40 ,j because of blocking action of Ca ions Actually there was little difference 
in the resistivity of U 4 O 9 and CaUyOy Assuming that Ca is always divalent. U must 
have at least two valences m CaU,0, with two-thirds U’’‘ md one-third IJ‘'“ as one 
possibility Conductivity can occur by hopping transport between adjacent uranium 
ions of different valence in a manner similar to that proposed for Fc,0, 

In the fully oxidized state, CaUOj. high pressure compounds have the CaUOi 
calcium uranatc structure Partially oxidi/cd compounds arc facc-centred-cubic with 
lattice parameter reduced from that ol UO. Similar results ha\e been reported at 
ambient pressure 

The fully reduced pressure compound CaDO, is also facc-ccntred-cubic This is 
m contrast to the type C CaUO, formed m vacuum at very high temperature There 
were no superlattice reflexions indicative of any ordering of U and Ca ordering m the 
high pressure CaUOj It would be of interest to know where the oxygen ions arc 
located in this material, which is so defective m anions compared with a lluontc-type 
compound For this analysis, neutron diffraction would probably be required 

Aiknu\\k’di^ciiienl\ -The authors would like to acknowledge the assistance of P B Robdins in the 
experimental work, and of A T Ausiin lor hclplul discussions and suggestions 

D S TANNiiAUShR, y Pirn, CIh’iii io/uA 23, 25 (1962) 




J Inorg Nucl Chem 1963 Vol 2S pp 1139 (o 1140 Pcrgamon Press Lid Printed in Vorthern IrclanJ 


KINETICS OF THE IRON (II)-IRON (III) 
ELECTRON EXCHANGE REACTION IN ICE MEDIA 

R A HoRNt 

Arthur D Little, Inc , Acorn Park, Cambridge, Mass 

(Received 1 1 October 1962, in reined form 4 March 1963) 

Abstract — Electron-exchange has been observed between cations in ice media The overall reaction 
rate constant for the Fe([l)-Fe(lll) electron-exchange reaction at 78 C in the eutectic frozen from 
an aqueous solution initially 0 55 M in HCIOi IS 2 1 03 lO^scc ’M ‘ As in liquid water the 

process is first order m each reactant The rate is the same in the presence of chloride ion as in the 
presence of perchlorate ion The rate decreases with increasing aciditv The results indicate that 
electron-transfer can occur over very great distances in aqueous media by a water-bridging 
mechanism 


SoMh time ago Dodson and Davidson"’ discussed the possibility that the mechanism 
of the Fe(ll)-Fe(lll) electron-exchange reaction might involve electron-transfer via 
the solvent molecules in aqueous media Subsequently Rlynolds and Llmrv'^’ and 
Kloiz, et fl/*” suggested that the reaction might proceed via a Grotthuss type 
mechanism involving hydrogen tiansport along extended bridges of suitably oriented 
water molecules The importance of the role of solvent in electron-exchange has also 
been recognised by Libby,"’ Weiss,"’ Plaizman and Frank,"’ and Marcus"’ 
Experiments in heavy water" ® ”” and in non-aqueous and mixed solvent media"’ ’ ” 
while yielding evidence which appears to give the water bridging theory support, have 
not given any information which alone provides a basis for distinguishing unambigu- 
ously whether the Fe(ll)-Fe(lll) exchange piocccds by a complex ani.>n bridging or 
water-bridging mechanism 

EXPERIMENTAL 

The materials used, the preparation of the stock solutions and the methods of analysis have been 
described in detail by Silverman and Dodson'”' The radioactive FclClOjlj solution was prepared 
from -“Ee Ch HCl solution obtained from Oak Ridge National Laboratory 

R W Dodson and N Davidson, / Ph\\ Chem 56, 855(1952) (See discussion) 

W L Reynolds and R W Lumry, / Chem Phw 23, 2460 (1955) 

""I M Kloez. J Ayers, J Y C Ho, M G Horowitz and R t Heines, / 4mei Chem Sor 
80, 2132 (1958) 

"’W F Libby, / Phvs Chem 56,863 (1952) 

'"J Weiss, / Chem Phyi 19,1066 (1951) 

R Platzman and J Frank, Ph\sik 138,411 (1954) 

R A Marcus, / Chem Phyi 24,966(1956), 26, 867. 872 (1957) 

D Bunn, F S Dainton and S Duckworth, Tram Faiaday Soc 55, 1267 (1959) 

"" J Hudis and R W Dodson,/ Amer Chem Sere 78,911 (1956) 

N SuTiN, J K Rowley and R W Dodson,/ Phys Chem 65,1248 (1961) 

R A Horne Ph D Thesis, Columbia (1955) 

"'’N SuriN,/ Phyi Chem 64, 1766(1960) 

A G Maddock, Trans Faiaday Sac 55, 1268(1959) 

J Silverman and R W Dodson, / Phys Chem 56,846(1952) 
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The conduct of the expel iinents and the separation procedure weic similar to those described by 
Sit VI KMAN AND IDodson"^’ Tvvo solutions, botb 10 ml in volume were prepared They were of the 
same ionic strength and concentration of added anions, but one contained the tagged Fe(lll) perchlo- 
lale and the other the 1 c(ll) peichlorate Both solutions vseic chilled at 0 C 1 ive reaction mixture 
samples were prepared next by adding 1 ml of each solution to small test tubes stoppering the tubes, 
shaking well and rapidly, and immediately immersing in a dry-iec acetone bath ( 78 C) Freezing 

was complete in less than 30 see A dry-icc-ehlorofeiim bath was used for the 67 C runs, a dry-ice 
eaibon letraehloi ide bath foi the luns at 23 C At regular tunc intervals, one of the tubes was 
removed tiom the bath, quickly crushed, and tube and contents dumped into a room temperature 
queiiehiiig solution of x, 5 i-dipyridyl bulfered with sodium acetate to give a pFl of 5 Next the Fefl/I) 
was pieeipiiated as the hydroxide by adding excess NH 4 OH The mixture was filtered through a 
sinteied glass filtei using a suspension of CaCOj in cone NFI,OH as a (iltci mg aid A sample ol the 
hlliate containing the Fe(ll) was counted as a solution in a Nuclcai-Chieago well-type scintillation 
counter Ltfoi ts to dissolve anel count the fet III) precipitate did not give reproducible results 

In runs at 0 C the two 10 ml solutions were mixed anel 2 ml liquid samples pipelted off at legular 
time mlei vals 

RFSULfS 

The overall reaction rale constant, k 

Rate A(Fe(ll))(Fe(lll)) (1) 

was calculated fioni half-livcs /| j, determined fiotn M( Kay plots and the expiession 

k - 0 693/[(Fc(H)) i (Fc(Ill))]r, , (2) 

as desciibcd by Sii vtitMAN and Dodson "■*' Activities were corrected for the decay 
of the ■'’'’he As might be expected, the induced exchange was greater in the present 
experiments in ice than in earlier studies in liquid water The experimental error, 
estimated from the maximum spread of the points in the McKay plots, was 20 per 
cent Typical McKay plots are shown in Fig I At - -78 C the exchange runs were 
followed for as long as 52 hr (not shown in Fig I ) Attempts to follow the exchange 
for even longer periods of time were frustrated by the onset of erratic results for which 
spectrophotometne analysis showed the slow oxidation of the Fe(l I ) to be responsible 
As the reaction mixtuic freezes, relatively pure ice separates out and the remaining 
electrolyte solution becomes more concentrated until the eutectic temperature is 
reached, whereupon, as shown by separate experiments, the composition remains 
constant, and the still-hqiiid solution solidifies A corrected overall rate reaction 
constant, A', was calculated from 

k' - 0 693/C![Fc(ll)] j [Fc(lll)]jfi,, (3) 

where C is the ratio of concentration of the principal electrolyte component in liquid 
solution at the eutectic to the initial concentration before freezing The former value 
was calculated from the freezing curves of the appropriate system 

A separate experiment was performed to lest for any further segregation of iron 
species in the eutectic mixture An aqueous FICIO4 solution of the same composition 
as the eutectic and containing Fe(lll) was slowly frozen Before solidification was 
complete, samples of the solid and of the remaining liquid were removed Spectro- 
photometne analysis showed that the Fe(Ul) concentrations in the solid, liquid, and 
in the original liquid solution were all the same, indicating no further macroscopic 
segregation of the iron species upon solidification of the eutectic No evidence was 
observed for microscopic segregation of a concentrated solution or crystals of fa) a 
single valence state of iron, (b) one valence state of iron contaminated with the other 
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TIME, hours 

Fig 1 — IvIcKav plots lor the non (II) non (111) electron-exchange reaction 
at 0, 23 64 and 78 C 

valence state, or (c) a mixed salt containing both valence states in roughly equal 
amounts Situation (a) would lepresent a separation of the reactants and would result 
in no or exceedingly slow/ exchange, situation (b) would result in a large induced 
exchange and incomplete icaction, and, situation (c) would lesult in lapid exchange, 
the exchange probably being complete within the time of mixing (i e 100 per cent 
induced exchange) None ot these possible icsults veere obtained in particular, 
although the induced exchange in the piesent experiments was somewhat larger than 
in similar exchange experiments at higher temperatuics. the amount of induced ex- 
change was well within the limits calculated from the estimated free^lng and thawing 
times 

As a check upon the techniques used, a number of expeiimental runs were made 
in liquid, aqueous HClOj media at 0 C The lesults (Table 1) are in good agreement 
w-ith values reported by earlier investigations A number of runs were made at 78 C, 
the lowest tempeiature studied Since this tcmpciature is well below -58 C, the 
eutectic temperatuie of the H .O-HClO, system, the medium is solid The results are 
summarized in Table 2 The constancy of the ovoiall leaction rate constant, even 
• hough the relative concentration of the reactants was varied, ]ustified the assumption 
that at low temperatuics the leaction continues to be fust order with respect to both 
reactants These same kinetics have been found to obtain in liquid aqueous media in 
the presence of all anions hitherto studied*" " and in cthanolic media "" 

The rate of the Fc(ll) Fe(lll) electron exchange was also measuied at —22 and 

*'■'3 Hums anU A C Wahl, 7 Amci Clicm Sih 75, 41X3 (1*157) 

G S LAURfcNcf, han'i Faicuhn Soc 53, 126(1957) 

R A Hornl J Ph\s Chen, 64, 1512 (1960) 
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1 Mil i I RAILOrlMI Pe(FI)-rc(lfl) ri rc IRON-FXCHANtil RFAC IION IN AQUFOUS 0 55 M HCIO, 

Ml DIA AT 0 0'(’ 
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- 23 'C, and — 64"C These rcsulls, together with the results and earlier work 

of SiLVLRMAN and Dodson,"^’ are summarized in Table 3 to give a total temperatuie 
range of +22 to — 78 C 

1 he overall reaction rate constant of the leaction at 78"’C in a medium initially 
0 55 M in HCl was measured and found to be 1 9 10 •* sec ‘ mole ' after correcting 

for electrolyte concentration upon freezing Within experimental error, this value is 
the same as for HCIO^ (See Table 2) 

The acid dependence of the reaction rate was also investigated at — 78 C The 
results are summarized in Tabic 4 Inasmuch as the phase diagram for the ternary 
system HClOj-NaClO^- H 2 O is not known, attempts to try to make an electrolyte 
concentration correction is probably not worth while in those cases where HCIO 4 and 
NaCIOj were present in comparable amounts 

Tauli 4 — Acid DEPENOFNC F ()i n if rate of the Fe(II) Fc( I ID llectron-exf iiam.f 
REACTION IN l< F Ml OIA AT 7S C 
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DISCUSSION 

In the presence of a complexing anion, X' "' the late of the Fc(ll)-Fe(Ill) election 
exchange reaction can be presented by'’**’ 

/?-2 Ia,„(Fcx,; "'"xfc^') (4) 

r M I) 

which is valid for all catalysing anions hithcito studied for values of n up to at least 
two In chloride media (4) becomes 

R Au(Fc->i)(Fc-') i- A, „j,(FeOH-')(Fe=‘) - A, ,,(FcCl^ KFe-') 

^ A,,|(FeCI.+ )(Fe'+ - (5) 

Using values of the specific reaction rate constants and h)drolysis and complex 
tormation constants used or measured by SiLvrRMAN and Dodson*'^' and extrapolating 
to 78''C, one finds that the contribution of chloride complexes to the exchange has 
become negligible, a conclusion in agreement with the observation that at this tem- 
peialurc, the overall specific reaction constant is the Aame in aqueous HCl asinaqueous 
HCIO 4 

The results in Table 4 show some acid dependency indicating that the 

Aq ojXFcOH^ KFe- ) 

term in Equation (5) is still making a contribution at -78 C The acid cflcct, howexer, 
IS very much less than at O’C When the proton conceniiation is leduced from 0 55 
to 0 003 M, the overall reaction rate constant doubles, while at 0 C, Silvfrmav and 
Dodson<’^> found a twelve fold increase in going fiom 0 55 to 0 016 M 

R A }ioRNV, Natarc, Loud 181, 410 (I9S8) 
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hici 2 - Tcwiiipciatiiri. do|icndciKc of the iron (II) iron (III) eleeli on exchange icaelion 

In Fig 2, the cot reeled oveiall reaction latc constant is plotted on a logarithmic 
scale vs the lecipiocal of the absohile tcmperatine Values of the specific leaction 
latc constant. A, as determined by Siivirman and Dodson'’^' are also plotted By 
substituting into the mtegiatcd foim of the Arrhenius Equation 


i/(lnA') 

f/r RT^ 


(6) 


one finds that the slope of the resulting stiaight line corresponds to an activation 
eneigy of 8 4 kcal/molc which is in good agreement with values reported eailier and 
summari/ed by Hai I’tRN 

A very impoitant feature of the curve in Fig 2 is the absence of any discon- 
tinuity or break at -58 C, the eutectic temperature, as the remaining electrolytic 
solution freezes The absence of such a feature suggests (a) there is no change in 
mechanism as one proceeds from a liquid to a solid medium, (b) the rate of the reaction 
IS not diffusion controlled, and (c) if the mechanism of the electron-exchange is related 
to the mechanism of proton mobility, then the proton mobility must, apart from a 
temperature eflect, be the same in ice as in liquid water 

Laidler*“®’ has suggested that the Fe(ll)-Fe(lll) electron-exchange reaction in 
aqueous media is a diffusion-controlled process In the absence of any information 
to the contrary (such as a change in order or change in the temperature dependence 
of the rate), it is reasonable to assume that the mechanism of the rate-controlling step 
of the Fe(II)-Fe(f II) exchange process does not genencally differ in liquid water and 

'‘»'J Halpern, Qaa/'i Rpix 15,207 (1961) (SeeTablel.p 211) 

K J Laidler, Canad J C hem 36, 138 (1959) 
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in ice Unfortunately, there is a paucity of information concerning the diffusion rates 
of highly solvated polyvalent cations and their complex ions in both liquid water and 
ice LAiDLfcR*^®’ uses a value of 1 2 10“^cm"sec ' for the diffusion constant of 
ferrous and feme ions in water of 25 C Their diffusion constants in ice are not 
known 

We have performed a simple diffusion experiment in which we tried to detect 
movement in a pure icc-frozen FCCI3 solution boundary at -78 C In sixty days, the 
boundary moved less than 0 5 cm, thus indicating that the diffusion constant of 
Fe(III) chloride complex 10ns is less than 10 ^ cm“ sec * 

The self-diffusion of water in liquid water and in ice has been measured,*’’ 
however, and the ratio of the diffusion constants is 


D 

~n 


lIjO 1 i~i ( 

lIjO s O ( 


2 4 10 

To uT^ 


10’ 


(7) 


The ratio of the diffusion constants of hydrated Fc(ll)-Fc(lfl) species in water and 
ice should be greater than the above ratio for the self-dillusion of water, especially if 
the ICC IS at -78 'C, rather than 0 C For solid-state diffusion in metals, *•” D ranges 
around 10 '"cut’ sec ' and is sometimes as small as 10 *’cm-scc~’ The present 
process in ice should be of comparable or even gieatcr slowness, thus 10 cm- sec ’ 
docs not appear to be an unreasonable estimate for the ditlusion constant of highly 
solvated cations in ice Such an estimate leads to a value of roughly 10'** for the ratio 
77|,(ri),.r iKTii, j. (• to 7. c I lie rate constant of a reaction is 

pioportional to the sum of theditfusion coefficients of the reactants If the electron- 
exchange IS diffusion controlled, the latio of the reaction rate constants in water and 
ice should be equal to the corresponding diffusion coefficient raiio The present 
experiments show that such is not the case 


5 lo-* (8) 

^l.i T' ( 

Protons have an anomalously high apparent mobility m liquid aqueous solution, 
and this phenomenon has been attiibuted to a Grollhuss type mechanism *■"'’ An 
ordered lattice is expected to facilitate this process theiefore, it has been suggested 
that the anomalous mobility of piotons in ice should be very great 
0 1-0 5 cm- sec 'V ' Hlinmi- is****' has made direct measurements of proton mobili- 
ties in protonated ice and obtained values langingfrom 2 0 10 ’’ enr sec ' V ’ at 

- 20’C to 2 2 10^^ cm’ sec ' V ’ at 15’C That is to say, apart from the temper- 

ature dependence, he has found that proton mobilities in ice are comparable to those 
III liquid water If both the anomalous mobilities of protons and the Fe(ll) Fc(lll) 


'-"A W Aoamson and R R Irani, 7 4mt'r Chem Soi 79, 2^169 (ls)57) 

W Kuhn and M Thurkauf Hdv Chim 4ila 41,918(1958) 

D C Douglass and D W McCall,7 (hem Plni 31. sfi9 ( 1959) 

C J SMlTHELi-i, Me f ah Refer erne Vol 2, pp 5^1 el wf Inlerwicnce New York (1955) 

t- Huckfl, Z riekliodwm 34,546 (1928) 

M Eigen and L DcMaiyir.Z Uektnnhent 60,1037(1956) 

B E Conway and J O M Bockris, y Chem Ph\s 28, 354(1958) 

M Eigen and L DcMayfr, Pior Rov Sor , 247, A, 505 (1958) 

B F Conway, Canad J Chem 37, 178 (1959) 

F Hemmets, danire. Loud 188 , 925 (1960) 
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electron-exchange reaction arise from the same mechanism, possibly of a Grotthuss- 
type as suggested by Rjsnoids and Lumr\,<^' and if the piocess is greatly facilitated 
in lec, one might expect an abrupt increase in rate as the solution freezes Figure 2 
fails to show any bieak, and thus the piesent results appear to support the findings of 
Hiinmus'"’* Howcvei, it should be cautioned that the present experiments and 
those of HiiNMi is“"> necessarily invohed highly impure ice Furthermore, in the 
present experiments, the solutions were rapidly frozen, hence, the resulting ice is 
piobably i datively disordered 

In the present expeiiments, theie aie more than 3000 water molecules for each 
f-e(ll) fc(lll) species tstimates based on the concentrations involved indicated that 
in the solid medium, the reactants arc separated by distances of roughly 100 A dins 
finding IS to be compaicd with the earliei conclusion of Hums and Wahl*'®> that the 
distance betvseen non nuclei in the transition state in the case of the fluoride catalysed 
exchange is large enough to accommodate one or moie water molecules, and of 
floRNi that the apparent dielectric constant of the medium which the reactants see 
IS that of water, even in cthanolic solutions quite dilute in water 

1 he ability of redox pioccsscs to occui over great distances through aqueous 
clectiolytic solutions by water bridges may have considerable significance m explaining 
the mechanistic details of certain biologically important processes dhe electrical 
properties of hydrated hemoglobin'**’ and the differences in oxidative susceptibility 
of free heme and hemoglobin in aqueous solution'*“’ may be due to Grotthuss-hke 
transport processes Kloi/ cr have theorized that a number of important long- 
range biological electron-transfer processes might occur via water budges 

Aikiiowliuli^inu'iih -Die author wishes to express his gmtiludc lo the Research Piojctls Coinmiltce 
of Arthur D Little, Inc for funding the present work , to Drs A G Lmsi ir, G R FRVSiNcaR, 
J H B GlorC/F, H O McMaiiosj, L S SnANiivofA D Liriii Inc and Dr F HiiNMPrs ol the 
Qiiarlcrmasicr Research and Pngmecring Cen, Natick, for their hciplul discussions, and to Miss 
r Sui LiVAN for assistance with the experiments 

'■"> D D LiFYandD I Svwv', , Nat loe Land 188, 724(1%0) 

R A Hornf, Silence t30, 164 (1959) 
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SPECTROPHOTOMETRIC STUDIES ON PROTONATED, 
AMMINO AND HYDROXO COMPLEXES OF 
COPPER (II), NICKEL (II) AND COBALT (11) 
VERSENATES 

T R BitATaiidM Krishnamurthy 

Chemistry Division, Atomic imergy Establishment, Trombay, India 
(Ke(eited i December 1962) 

Abstract -The formation of miised complexes of the type MY X, where M Cut II), Nil II) and Co(ll), 
Y r DTA, and X H .O, NH , and OH .were spcctrophotomctrically identified and their formation 
constants determined 

Till normal 1 1 complexes of ethylene diamine telra-acetie aeid (versene, EDTA,Y) 
with copper (II), nickel (II) and cobalt (II) have been studied by several workers'^ 
but very little data has appeared on the stability of mixed EDTA eomplexes of these 
metals St mwarzendac it reported*^* from a qualitative study of colour changes, the 
existence of mixed complexes of the type MY X, where M=- Cu(ll). Ni(ll). Co(II), 
etc, and X H^O, NH,, 0H“, etc, and spcctrophotometncally determined the 
formation constant of one of the complexes, viz , CoY CNS'^ 

Copper (11), nickel (II) and eobalt(ll) have been used successfully as retaining 
ions in the ion exchange separation ot rare earths using EDTA as eluant A detailed 
study of the mixed EDTA complexes of these elements was found necessary for 
elucidation of the mechanism of separation of rare earths by ion exchange 

FXPbRIMTNTAL 

I Malenals and methods 

The I DTA employed was purified by rccrysialli 2 ;alion of the E Merck, melal lilralion grade. 
Till iplex 111, from deionized waler tt was then shandaidizcd by lilralion agamsi zinc chloride solution 
using Elio T as indicator'*' Sodium perchlorate was prepared by neutralizing (pH-mcasurements), 
perchloric acid solution with caibonalc-lree hydroxide To prepare the metal perchlorates, the 
corresponding nitrates were precipitated as hydroxides, washed free from scdublc salts and dissolved 
in peichloric acid The salts were lurther puiihcd by double crystallization and linallj the solutions 
were standardized by titration against EDTA The melal EDTA complexes were obtained by 
mixing the standard metal perchlorates and disodium EDTA m the mole ratio 1 1 The ionic strength 
was adjusted to // 1 by addition of sodium perchlorate All the pH adjustments were made by 

addition of either perchloric acid or ol sodium hydroxide The concentration of the complex in the 
final solution was kept in the range 0 005 0 015 M depending upon the molar absorbance The pH 

G Schwarzenbach, R Gut and G Anbi Rtuo, //<*/(’ Chun dtlr/, 37, 937 (1954) 

'•"V L Huohls acd A E Marteli.^ Phv\ Chem 57, 694(1953) 

G Schwarzenbach and E Fri itau, /fc/r Chun 4r/i/, 34, 1 503 ( 1951 ) 

'"A E Martlll and R C Plumb, 7 Phss Chem 56, 993 (1952) 

'’’G Schwarzenbach, WWi’ Chim zl c/a 32, 839 (1949) 

G Schwarzenbach, Complexonieinc Titrations (translated to f nglish by H Irvinc.) Methuen 
and Co . London (1957) 
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was calibrated at the same icmic strength (/t I) with standard solutions ol perchloric acid and 
sodium hvdroside 

The solutions wcic brought to erjuilibriuin at 2S C and the temperature in the spectiopholometei 
tell was in the langt 2‘> 1 C All the absoiption measurements were made with a Beekman model 

DU spcetiophottimctei using I cm tpiai t/ cells 1 he pi I mcasuiements weie made with a Beckman 
model O pH me ter 


2 C ak u/altiftj \ltihi/il \ 

la) lot Illation conslanl oj the pi uiomilcd ioiiipU-\ The concentration ol Yll ’in solution is 
related to the total I ret LD PA concentiation, 2^ V , (2- 1 Y ' i YH ■' I Yll. - ! YH^ 1 YHj) 

bv the cspicssion. 


IV H ‘J 


k.2:y(id) 

I , A,(H ) A,A,(H )- ; A',A.',A ■ AjA , A jA ,( H * )’ 


(I) 


where A,, A_ A , and A , are icciprocals ol successive dissoeiation constants of Yllj The A„ values 
lor 1 Dl A at 25 t and p I, has been repoited by Martlll and Carini'’' as, log AjA', 5 0 *, 
log A I h 15 and log A^ 11 

It was obscived that imdci the cKperinicntal conditions Beer’s law was obeyed at the peak wave 
lengths ol the complex species lor the corresponding metal and complex ions The molar absorbances 
ol the metal tons weic determined at pH 1 and those of the ttimplex species were obtained Irom the 
coriesponding inllcMon oi saturation points in the f,,, v pH ttiivc (€„, optical density, Z>/total 
concentiation m,ol metal in sslution) II r, and arc the concent rations ol two species with molar 
absoibancc fi and Cj and I,,, and aic the conccntiations of mctal-complcxcd and total I DTA 
present in solution, then, 

O fill Cii, (2) 

"'t e, I f. (1) 

(4) 

The (ormation constant of MVH from M'-andVH was calciiiatcd using tquations (1), (2), (1) 
and (4) 

(b) E(/iiilihi linn (<iin,iatil foi the fonnalion of pioionated, IimIioxo and anmuno coniple\es fioni the 
iioiinal Kiiiiplex The equilibrium constants lor the lormation ol the hydroxo and protonated 
complexes from the notmal complex wcic calculated using the expression, 


(MY- MX'") 


(5) 


where X" II , OH , NIU The concentrations ol MY- and MYX'^’ ' were calculated using 
Eqtiations (2) and ( 1), assuming that the metal is completely complexed For calculating (OH ), the 
ionic product of water was experimentally dctci mined as 10 " “ 1 he ammino-compicx was studied 
by the addition of known amounts of ammonium perchlorate and the fice NHt concentration was 
calculated taking the equilibrium constant of the reaction, NH , ' i OH NH, I H,;Oas3 11 
10‘ "■> 


RESULTS AND DISCUSSION 


1 Co/t/ic'/ F DT A complexes 

The absorption peaks of copper (FI) perchlorate at 206 and 800 mp were shifted, 
on complex formation, to lower wave length regions and the molar absorption 
coefficients at both the peaks were enhanced The molar absorption of the copper- 
EDTA solution was found to depend on the pH of the solution, as shown in Fig 1, 

* For calculations log A, was taken as 2 76, an error of 0 1 log units in this value would affect the 
final log A'^Jih value by less than I per cent 

"■'A F MARTFicandF F Carini, T Amer Cheni Soi 74,5745 (1952) 

D H FvrRtTT and D A Lani5Sman, Tra/n Faraday Soc 50, 1221 (1954) 
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-log[H*] 

Fic. 1 Variation of molar absorbances of Cu(ll), Ni(ll) and Co(ll) FDTA solutions 
(1 1) as a I unction ol H concentration Wavelengths 730 ni/i for Cu, 980 m/i and 380 
m/( for Ni, and 510 m/( <pH 0-6) and 490 m/i (pH 8-1 3) lor Co-FD TA solutions 

which indicdlcb that (1) the normal complex is stable m the pH range 4-10 (2) at 
pH 10 hydroxo complex having lower absorption is formed (3) at pH • 3 5 
protonated complex is formed which further decomposes at pH 1 5 to free copper 
and EIDTA In the presence of NH,' the reduction in em begins at a lower pH 6) 
where the formation of the hydroxo complex can be excluded This suggests the 
lormation of ammino complex In Fig 2 are given the absorption spectra of normal 
(pH 9), protonated (pH ^ 1 5). hydroxo (pH ^ 12 5) and ammino (0 88 NH4CIO4 
and pH 10 3) complexes of copper versenate The peak wave lengths and the 
corresponding em values are given in Table I The stability constants of the different 
complexes, calculated at various pHs, arc summarized in Table 2 The hydroxo 
complex was found to have an intense absorption peak at 206 m/i On continuous 
exposure to this frequency or to ultra-violet light the absorption was found to decrease 
gradually, the cause of this is being investigated 
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2 vV;(A.e/“EDTA iomple\es 

The variation of cm with pH is shown in Fig 1 The hydroxo-complex was formed 
only at high OH concentrations, and precipitated on standing for a few days The 
absorption spectra of normal (pH - 6), protonated (pH = 1 9), ammino (0 1 M 
TslHjCIO^ and pH 1 1 4) and hydroxo nickel-EDTA complexes are given in Fig 3 



WAVE LENGTH, m/i 

Fki 2 Molar absorbance of diffcicnt Cu(ll)-EDTA complex species 1 — CuY- , 
2-CuY(NH,P ,1 -CuYH ,4— CuY(OH)'- 

Jt can be seen from Figs 1 and 3 that on complex formation the absorbance at 380 m/« 
IS increased while that at 980 m/r is reduced The middle peak, at 590 m^, remains 
almost unchanged except in the case of NiY NHj, where it is slightly increased The 
formation constants of the different complexes were calculated using the 380 and 
980 m/r peaks and the values are given in Table 2 (In the case of NiYH^ only the 
980 mp, peak was used since the variation in cm at 380 m^ was very small ) 

3 Cohalt (II)-EDTA complexes 

The variation of cm with pH of the cobalt (II )-EDTA complexes were similar to 
those of nickel as can be seen in Fig 1 The hydroxo complex was formed only on 
addition of excess of sodium hydroxide, which on exposure to air for several days 
partly got precipitated and got oxidized to Co(lll) The absorption spectra of the 
different complexes are given in Fig 4, from which it can be seen that in the case of 
protonated, hydroxo and ammino complexes there was appreciable displacement to 
the higher wavelength region and splitting of the 470 mp. peak 

Due to wide variations in the experimental conditions a direct comparison of the 
stability constant data reported here with those of earlier workers cannot be made 
However, it may be mentioned that the average log A'^yn ^myti values given 

in Table 2 are of similar order of magnitude as those of Schwarzenbach et 
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Flo 3 — Absorption spectra of dilkrent Ni(II)-bDrA complexes 1 — MiYlOH)* , 
2— NiYtNHj)--, 3 -NiYH ,4 - NiY- 



WAVE length . m/U 

Fic, 4 Absoiption spectra ol dilTeicntC 0(11) FOTA complexes 1—CoY’ ,2 CoYH , 
3 -CoY(NH,)“ ,4- CoY(OH)’ 



